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Chapter 1
INTRODUCTION

1.1. Introduction
The successful application of physical principles to the biological sciences in the 20th
century has led to a new field, biophysics, which aims to seek explanations for biological
function in terms of molecular structure. The growth of biophysics was associated with
developing new physical techniques as well as theoretical approaches. The recent revolution
of nanotechnology gives biophysics access to the investigation of a wide range of examples of
biological molecules such as DNA, starches, proteins, fatty acids and sugars. Since proteins
carry out the majority of biological activities, they have been a main target of biophysics.
Protein studies include their synthesis, folding and unfolding, structure-function relationship,
and protein interactions with other proteins or biological molecules. Among these studies,
protein-protein interactions have received much attention since they are central for many
biomolecular processes. These interactions include association and dissociation of multisubunit complexes, enzymes binding to protein substrates, antibody-antigen interaction and
receptor-protein interactions.
The approaches that are used to investigate protein interactions can be divided into
three

main

categories:

structural,

structural-functional,

and

thermodynamic/kinetic

approaches. In structural approaches, techniques are designed to define the basis of protein
interactions at the molecular level. These techniques include X-ray crystallography1 and
nuclear magnetic resonance2, which yield the highest resolution available for the structural
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basis of protein-protein interaction. Other techniques that also provide complementary
structural information are chemical cross-linking, mass spectroscopy, analytical ultra
centrifugation, and Fourier transform infrared difference spectroscopy. In structuralfunctional approaches, the techniques probe protein structure and binding interaction3, which
results in detailed structural information. These approaches include Glutathione S-transferase
(GST) fusion-protein binding assays4,5,5. In thermodynamic and kinetic approaches,
biophysical methods are utilized to measure specific thermodynamic and energetic parameters
of the protein-protein interaction, such as equilibrium constants, kinetic constants, and
binding energies6.
Examples of thermodynamic approaches include single-molecule technique in which
measurements can be performed in native environments, such as living cells, where
concentrations of target molecules may be quite low. In addition, single molecule approaches
allow for the measurement of variances in protein kinetics, thus providing a more complete
picture of protein kinetics compared to ensemble techniques that typically provide only
averages. Several techniques have been used to study single-molecule binding and
dissociation, such as fluorescence spectroscopy and various force measuring techniques7,
including laser tweezers8, biomembrane force spectroscopy9, and atomic force microscopy
(AFM)10,9.
Among these, AFM is widely available and has the capability to measure forces with
high resolution down to piconewtons11. The ability of this microscope to achieve high
resolution in liquid and to reveal mechanical properties on a nanometric scale makes this
instrument highly qualified for the study of biological samples on the molecular level. First
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application was reported in 1994 by Florin and coworkers10, who showed that 160 pN is
sufficient force to break an avidin-biotin bond, a bond between protein and small ligand. They
chose avidin-biotin to be a ligand-receptor model because of its high affinity. This opened the
door to investigate a wide array of biological samples such as antibody-antigen12,13,14, senseantisense DNA15,16, and proteoglycans17,18. In these studies, the ligands were bonded directly
to the AFM probe. To discriminate between the detected force due to the interaction of a
ligand with a receptor from the AFM probe-surface adhesion, Hinterdorfer et al.12 used
polyethylene glycol as a spacer to couple ligands to the AFM probe. By using this technique,
it has become possible to functionalize the AFM probe at such low ligand density that single
molecule interactions can be approached. This has facilitated study of biological samples at
their molecular level including cellular proteins, either isolated or on the membrane of the
cell19,20. In addition to these single force measurements, AFM can be used to image biological
samples with high resolution and without causing them damage21,22,23. Combining
topographical imaging with single molecule force measurements may be a significant new
tool for the localization of binding sites on various biological surfaces24,25.
1.1.Research Overview

In typical AFM binding measurements, a probe functionalized with a ligand is brought
close to the sample surface which is coated with the complementary binding partner, giving
the molecules on the probe and the sample an opportunity to bind to each other, forming a
complex. The probe is then retracted at a constant speed until the bond breaks. The main
observation in such a measurement is the unbinding or ‗rupture‘ force. Usually, many
experiments are performed under identical conditions to build a histogram of measured
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rupture forces. This is then repeated for different retract speeds and thus different loading
rates. In AFM, the retract speed is usually imposed by a piezoelectric actuator attached to the
cantilever base (or the sample).

Experiments show that the most probable unbinding (dissociation) force increases
with the loading rate. To investigate this relation and extract useful kinetic and
thermodynamic parameters, Evans26,27 proposed a theory based on the thermal activation
model28. Here, we will refer to this theory as the ‗standard‘ theory, or Bell-Evans (BE) model.
The standard theory assumes that the unbinding/unfolding probability can be characterized by
a single constant ‗binding distance. This roughly corresponds to the distance from the binding
potential minimum to the peak of the activation barrier in the direction of the reaction
coordinate and a lifetime at zero applied force28. The standard theory assumes that the load
rate is constant and is given by multiplying the stiffness of the AFM lever by the constant
vertical scanning speed. Assuming a constant loading rate, the standard theory predicts a
linear relation between the most probable rupture force and the logarithm of the vertical
retract speed. However, force is not proportional to piezo extension but depends on the nonlinear stiffness of the molecules and linkers.

In addition to the nonlinearity of the applied force profile, the role of multiple
attachments27,29, and possible changes in binding conformation30,31 must be considered in
analysis of force data. Hence, the interpretation of AFM force measurements of single
molecule dissociation continues to be controversial, and have not been used widely for
biologically and medically relevant systems. Improving this technique and the method of
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interpreting the obtained data is the desire that drives our research. The frame of this research
includes three goals. First is to perform single molecular experiments using a model system
like avidin and biotin. Second is to improve the theory used to analyze the force data to more
reliably extract relevant biological parameters. Third is to utilize the extended theory and the
progress in the interpretation of data to investigate a relevant enzyme-inhibitor system under
physiological conditions.
Our study of the single molecule interaction of the model system, biotin and avidin,
validates the procedure of performing the force experiments as well as the protocols of
preparing the samples. These protocols present treatments of the sample surfaces, which
include coating the surface with cross linkers like polyethylene glycol (PEGs) and covalently
binding the biotin or avidin to cross linkers. After attaching the biotin and avidin to the AFM
probe and substrate, we perform force experiments to measure the rupture force of their
complex bond. If the detected forces are in the range of the published values, the procedures
of running the force experiments as well as the methods of calibration the AFM probe,
scanner, and photodiode will be confirmed. The other advantage of investigating the biotin
and avidin system is to evaluate what has been achieved so far in the force data interpretation
using the standard theory.
We then go beyond the standard theory to address the non-linear elasticity of the cross
linkers, the multi-attachment rupture events, and the change in the binding confirmation. To
do this, we use some of the basic assumptions of the Bell-Evan‘s theory but now also consider
the worm-like chain model (WLC) model to determine the pulling force on the bond. The
combination of the BE model with a WLC force profile, we call the BE-WLC model. Thus,
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we directly involve the linkers in characterizing the biotin-avidin interaction. According to
BE-WLC model, to interpret of the force data we need to know the stiffness and the contour
length of the used linkers. These are obtained by fitting the force-distance cycles to the WLC
model. The contour length of the linker is used to distinguish specific rupture events of
proteins from non-specific rupture events among all obtained force data. The stiffness of the
linkers is needed to calculate the effective stiffness of the system (the cantilever, linkers, and
the complex bond). We also developed a theory to build a histogram for multi-attachment
events so we can distinguish them from the entire data. By excluding the multi-attachment
events, we can go further in the investigation of the effects of the binding confirmation on the
estimated dissociation rate.
The last part of the research is to utilize the experience in interpretation of the singlemolecule force measurements to investigate the interaction between matrix metalloproteinases
(MMP), type 2 and 9, and their tissue inhibitors (TIMP), type 1 and 2. MMPs play crucial
roles in many biological processes by degrading the extracellular matrix macromolecules
(ECM). In normal biological processes, for example, they participate in organ morphogenesis,
nerve growth, bond remodeling, and wound healing. In pathological situations, for example,
they take part in tumor metastases, cardiovascular disease, neurological disease, and liver
fibroses. Their activities are regulated and inhibited by endogenous inhibitors (TIMPs). Thus,
it is expected that the enzyme MMP would bind the inhibitor TIMP with high affinity. The
study of the MMP-TIMP complex bond can be accomplished by attaching the TIMP onto the
AFM probe and the MMP onto the AFM substrate. Interpretation of the force data of such
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enzyme-inhibitor systems needs more awareness since they have two active sites that cannot
be distinguished by direct force measurements.
Next, we measured the rupture force of the TIMP and the MT-MMP receptors on the
membrane of living cells. This is challenging since special procedures are required to
guarantee that the cells do not die during the experiment. Furthermore, several control
experiments need to be performed with different combinations of living cells and the TIMP,
where some of the cells express MT-MMP receptors and the others do not. This will help to
identify the TIMP/MT-MMP interactions among the entire detected force data, which may
include many non-specific binding events.
We began this chapter by briefly reviewing the evolution of the single molecule
interaction followed by a research overview. The next chapter is devoted to present basic
information about proteins including their types, synthesis, and kinetic rates. The third chapter
introduces the theoretical background that is used to interpret the force data including the
efforts presented in the standard theory and other models. The fourth chapter contains a
pertinent instrumental background for the standard AFM technique. Chapter five details the
protocols of sample preparation and the experimental results of the force interaction of model
molecules, which forms the background of this work. Further investigation of the force data
interpretation is included in chapter five. In chapter six, we reveal the results of a major
experiment that studies the dissociation kinetics of an enzyme-inhibitor system. Chapter seven
includes the details of the protein interaction in the physiological conditions, followed by the
conclusion and future directions in this field.

8

Chapter 2
PROTEINS
Before going further in our investigation of protein interactions, we briefly present
basic information of proteins such as their functions, structures, method of synthesis and the
kinetic rates of their interaction. After that, we go in detail over matrix metalloproteinases and
tissue inhibitors, which are the main samples of our study. The included information in this
introduction will be necessary for later in regards to sample preparation and data analysis.
2.1. Functions of Proteins in Human
Proteins are essential for the living organisms. They maintain homeostatic integrity of
the organism on both micro and macro levels by performing variety of structural and dynamic
functions. Examples include providing the matrix for bones and connective tissues, giving the
cell particular shape by stabilizing membrane lipid bilayers, and tightly regulating cell – cell
communication by an autocrine, paracrine, and endocrine secretion. The main proteins of the
structural functional group are collagen, elastin, and keratin. Collagen and elastin form the
matrix of bones and ligaments, provide elasticity to the vascular system, and give strength to
majority of organs. Keratin is a main component of skin appendages such as hair, quills,
feathers, horns, and beaks. The dynamic functions of proteins consists primarily of
homeostasis regulation by controlling transcription, translation, DNA replication, ATP
synthesis, and metabolic transformations32.
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The majority of chemical reactions in the living organism are catalyzed by enzymes
which are also proteins. The process involves an enzymes binding to a reactant. In doing so,
they lower the activation energy needed and thereby speed up the reaction. The type of the
chemical reaction depends on the function and the characteristics of the organ cells. For this, a
genetic makeup and an environment of the cells determine the suitable type and concentration
of the required enzymes. For instance, the pro-enzyme pepsinogen is synthesized by the main
cells of the stomach in the response to the vagal stimulation and is activated to its active form
pepsin by hydrochloric acid (HCl) in the lumen. Pepsin works in the stomach to break down
the protein from the ingested food. Kinesin and dynein are major players of the cellular
transport system that are responsible for the movement of the secreted granules out of the cell
via exocytosis and nutrients inside of the cell via endocytosis. Hemoglobin, another
transporter and major component of the red blood cell, binds oxygen in the lungs, deliver it to
the tissue, and carries carbon dioxide back to the alveoli for the gas exchange. Similarly
myoglobin provides the oxygen to the muscles32,33.
Proteins can also play protective roles. For example, antibodies are specialized
proteins involved in recognizing foreign antigens (foreign invaders) such as bacterial and viral
proteins and activating the immune system in defending against them.
2.2. Structure of Proteins
Proteins are polymers composed of a combination of amino acids. Twenty different
types of amino acids exist in nature, connected in a multitude of combinations, leading to the
diversity seen among proteins. All amino acids contain a common central carbon atom which
covalently binds a carboxylic acid group, an amino group, hydrogen atom, and side chain
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group. This chain group differs for each of the 20 amino acids, giving them their own
chemical attributions. Figure 2.1 shows an amino acid in a solution at pH 7 where the amine
group is protonated and its ammonium ion form while the carboxylic acid group is
unprotonated or carboxylate form34.

COO
NH3+

C

H

R

Figure 2.1: General
structure of a common
amino acid.

Since carboxy and amino groups are constant, amino acids are classified based on their side
chain group. Glycine, alanine, valine, leucine, and isoleicine contain an alkyl group and can
be categorized as alkyl amino acids. Phelylalanine, tyrosine, tryptophan contain an aromatic
ring attached to the central atom. Methionine and cysteine contain sulfur. Serine and threonine
are hydroxyl- containing amino acids. Proline is a heterocyclic amino acid with the unique
ring structure involving an amino group at the side chain. Lysine, histidine, and arginine are
dibasic amino acids, and they contain a positively charged side chain. Aspartate and glutamate
are dicarboxilic monoamino acids: their side chain contains negatively charged carboxylic
moiety besides the main carboxy- group. The last two amino acids, glutamine and aspargine,
contain double amino groups: one as the main NH2 and one as a part of the side chain. Figure
2.2 shows some types of amino acids and there structures34,35.
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Figure 2.2: Some types of amino acids.

2.3. Protein Synthesis
Gene expression involves two processes: transcription and translation. The end
product of transcription is mRNA which also serves as a template for the synthesis of the
polypeptide. The end product of translation is a protein. Translation is taking place on the
ribosomes, components of the biological cells that perform the role of protein making
factories. Twenty amino acids are essential building blocks for the protein. Transfer RNAs
(tRNA) are carriers for the amino acids; they deliver them to the site of translation. There are
57 tRNA codons that correspond to 20 amino acids, but there are only around 50 species of
the tRNAs. This means that some of the tRNA recognize more than one codon. It is possible
that the nontraditional base-pairing that can occur between the third nucleotide of the codon
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and the first nucleotide of the anticodon. Aminoacyl – tRNA synthetases are required for the
attachment of the amino acid to the tRNA. It also ensures the placement of the correct amino
acid into the ribosome. The synthetases attach the amino acids -carboxyl group to the 2‘ or
3‘ hydroxyl group of the ribose of the adenosine at the 3‘ end of the tRNA. The amino acid
that corresponds to the specific tRNA codon is attached to the adenosine at the 3‘ end of the
tRNA, and is delivered to the P site of the ribosomes. The anticodon base joins in a
complimentary fashion with the codon in the mRNA. The amino acid that is attached to the
tRNA in the P site of the ribosome is then transferred to the amino acid that is attached to the
tRNA in the A site via the creation of a peptide bond. Peptidyl transferase is an enzyme that
catalyzes peptide bond formation. Its activity is a function of the 28SrRNA subunits of the
ribosomes. The tRNA that contains growing peptide bond must be moved to the P site by
moving the mRNA 3 nucleitides through the ribosome. Translation is terminated by the
release factor (RF) and UGA, UAG, or UAA codon. Translation requires energy. Both ATP
and GTP are consumed: ATP is needed to attach tRNAs and amino acids; GTP is needed to
translate the mRNA36. Once a protein is produced, its function can be altered by modifying
the side chains of the various amino acids. For example, amino acids which contain a –OH
function group can be phosphorylated. The addition of sugars to a serine or asparagine is
another common post-translational modification, especially on proteins that will be plasma
membrane bound or secreted. An addition of hydroxyl groups to proline or lysine makes these
amino acids more reactive and able to form cross links32.
The polypeptide form is known as primary structure that gives a protein its physical
properties and the way it would be folded to acquire its characteristic function. The primary
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structure of a protein can be folded to a higher level of proteins organization that is secondary
structure, ternary structure, or quaternary structure. The secondary structure refers to the
configuration of the polypeptide chain in the protein due to the noncovalent interaction among
the side chains R(s). The common conformations of this structure are alpha-helix and betastrand. The α-helix structure is a counterclockwise rounded spiral of primary peptide chain37.
The α-helix structure is primarily maintained by the hydrogen bond between amino acid
residue groups. In the living cells α-helixes performed many functions. They are usually long
enough to form transmembrane domains with the hydrophobic core buried inside the lipid
bilayer and hydrophilic ends extended both to the cytosol and extracellular matrix. Two αhelixes wounded around each other form a coiled coil which is held together by the disulphide
bonds. Keratin, major structural protein of hair, nails, and skin, consists of coiled coils αhelixes. Some DNA-binding regulatory proteins also have this structure. On the other side, βplated sheets are stretched out polypeptide chains held together by the hydrogen bonds
between residue groups of the neighboring amino acids. They are usually aligned together in a
parallel or antiparallel fashion that allows them to form ―blanket-like‖ structures. Silk is an
example of the protein that maintains β-plated sheets as a secondary structure38.
Organization of the secondary structure of the protein into a three dimension
determines its tertiary structure. Tertiary structures are formed by hydrophobic and van-deWaals interactions, hydrogen and disulphide bonds, and salt bridges. Organization of the
protein into a 3-D space frequently makes their functional domain active and it may occur
outside of the protein synthesis site. Furthermore, by folding into 3-D structure, some protein
will obtain multi-domain that belong to different protein classes. Quaternary structure of the
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protein is maintained by the same forces that tertiary structure is, however, it contains several
polypeptide chains that come together to form single functional protein. An excellent example
of the quaternary structure of the protein is human hemoglobin that contains four globular
subunits (two α-chain and two β-chains) with the iron atom at the center.
2.4. Kinetic Rates
In some cases, the active site of the protein provides it with access to a certain
substrate such as another protein, vitamin, or hormone. The protein and the substrate may
interact and form a complex bond at particular association rate. The nature of the bond formed
at the interface of interacting proteins might be Van der Waals, hydrogen or ionic, if the
proteins have cofactors. The estimates of the strength of these bonds can be classified as:
ionic bonds ~21-41 kJ/mol, H-bonds ~8-29 kJ/mol, van derWaals bonds 0.8-2.0 kJ/mol.
Among these bonds, the contribution of the H-bonds in protein-protein complexes is the most
important. If this interaction is reversible, the formed complex dissociates with a certain life
time releasing the protein and the substrate. The speed of the interaction to reach equilibrium
state depends on the association and dissociation rates (kinetic rates);
P+S

kon
kof

PS

The kinetic rates kon and koff are the association and dissociation rates respectively that
determine the thermodynamic expression Keq=kon/koff, which is the affinity constant for the
protein and its relevant substrate. The importance of the protein‘s kinetic and affinity
information is to ultimately determine the protein‘s function-structure relationship, which
helps to predict how the protein works in the living organism.
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Different techniques are used to detect the protein‘s interaction and extract the
relevant kinetics. These techniques are classified either to biochemical or biophysical,
according to the used tools and approach. The common biochemical methods include coimmunoprecipitation, bimolecular fluorescence complementation, affinity electrophoresis,
label transfer, and tandem affinity purification. Examples of the biophysical methods are dual
polarisation interferometry, static light scattering, dynamic light scattering, surface plasmon
resonance, and fluorescence correlation spectroscopy. The power of any of these techniques is
determined by its sensitivity and specificity. High sensitivity ensures about low error in the
measured parameters. The specificity indicates that the technique can distinguish whether the
detected interaction is due to the protein‘s interaction or to aside effects in the setup.
2.5. Matrix Metalloproteinases and Tissue Inhibitors
Matrix metalloproteinases (MMPs) are part of the matrixin family of 23 enzymes
found in humans39,40. These proteins play crucial roles in many biological processes by
degrading the extracellular matrix (ECM)41. MMPs are important in both physiological and
pathological processes. As a part of the normal physiological functions, MMPs degrade
scaring tissue, facilitate lymphocytes migration to the site of the infection, and facilitate
normal growth and remodeling42,43,44. However, MMPs are also activated during pathological
conditions; they play especially important function in the cancer metastases by the same
means: degrading ECM44.
The level of MMPs activity is directly affected by specific inhibitors called the tissue
inhibitors meatrixmetalloproteinases (TIMPs)40,45. This is a group of four inhibitors; TIMP1,
TIMP2, TIMP3, TIMP4, and all of them have been identified in vertebrates46,47. They are
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expressed during the tissue remodeling and regulated according to the needed roles. TIMP
and MMP interact with high affinity forming an enzyme-inhibitor complex, both in the case
of activation of proMMP, or in the inhibition of the local activity of MMP48,49. The ratio of
TIMPs to MMPs has to be balanced, and disruption of this balance may result in diseases such
as cancer, neurological disorder and cardiovascular40.
1. Structure of MMP(s)
The structure of MMP(s) includes predomain, a catalytic domain, a hinge region, and
hemopexin domain, as Figure 2-3 illustrates39.
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Figure 2-3: Domain structure of MMPs. Different domains are indicated: S, signal
peptide; pro, propeptide; Cat, catalytic domain (or N-terminal); Zn, active-site zinc;
Hpx, hemopexin domain (or C-terminal); Fn, fibronection domain; V, vitronection
insert; I, type I transmembrane domain; II, type II transmembrane domain; G, GPI
anchor; Cp, cytoplasmic domain; Ca, cystein array region; and Ig, IgG-like domain.
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The zinc-binding pattern in the catalytic domain identifies the MMPs enzymes and assigns
them to the proteinase family39,50. According to the substrate specificity, sequence similarity,
and domain organization, MMPs can be divided into collagenases, gelatinases, stromelysins,
matrilysins, membrane-type MMPs, and other MMPs. Collagenases group includes MMP1,
MMP8, MMP13, and MMP18 that can cleave interstitial collagens type one, two and three in
the ECM. Gelatinases group is gelatinases A (MMP2) and gelatinases B (MMP9), which bind
gelatin, collagen, and laminin. MMP3 and MMP10 have similar substrate specifications
forming the stromelysins group. In addition to digesting ECM components, MMP3 activates a
number of proMMPs.
Matrilysin group includes MMP7 and MMP26 that are recognized by the lack of hemopexin
domain. MMP7 is active in activation cell surface molecules. The membrane type MMPs are
six types; MMP14, MMP15, MMP16, MMP24, MMP17, and MMP25. Similar to other
MMPs, they can digest some ECM components. With exception of MT4-MMP, they can
activate proMMP2. MT1-MMP, among of MT- receptors, has activity on the collagens. Some
MMPs are secreted as active enzymes including MMP23 and MMP28. The rest of MMPs,
which are the majority, are secreted from the cell in latent form and activated extracellularly.
The activation process is accomplished by cleavage of the pro-domain region of the proMMP
by other proteinase51. For instance, activation proMMP2 can be mediated by some MTMMPs. Different studies focused on the activation of proMMP2 by MT1-MMP, and all
confirm the necessity of TIMP2 for successful activation. The role of TIMP2 is to form a
complex with the catalytic domain of MT1-MMP through its N-terminal domain, as Figure
2.4 demonstrates. The catalytic domain of proMMP2 tightly binds the free C-terminal of
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TIMP2 leaving the bait region of proMMP2 free to be removed by another active MT1-MMP.
Once MMP2 is fully activated, it dissociates from the membrane of the cell. The maximum
enhancement of proMMP2 activation occurs at high ratio of MT1-MMP to TIMP2, which is
about 95%.
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Figure 2-4: The activation process of proMMP2.

2. Structure of TIMP(s)
The structure of all TIMPs includes two domains N and C with total molecular weight
ranges from 21 to 30 kDa39. N-terminal domain contains 125 amino acids compared to 65 in
the C-terminal domain52. These terminals are shown in Figure 2.539, which pictures the TIMP
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molecule like a wedge. As illustrated, N-terminal domain folds as a separate unit that contain
four residues and the CD-loop region adjacent to them.

Figure 2-5: Structure of TIMP2 that includes the N-terminal domain and C-terminal
domain. The β-strands are labeled A through J; the α-helices are numbered 1 through 4.

MMPs show that they are inhibited with higher affinity with N-terminal than C-terminal.
This could be due to the way that N-terminal attaches to the MMPs in which the four residues
of N-terminal binds the catalytic site of MMPs forming backbone contact.
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Chapter 3
THEORETICAL BACKGROUND AND LITERATURE REVIEW

Complex bonds can be studied by using AFM in the force-distance mode. In this
mode, a force is applied to the bond between two molecules, until the bond breaks. The force
at which the bond breaks is called the rupture force. The applied force deforms the activation
barrier of the interacting molecules and changes the life-time of their bond. Experiments show
that by increasing the applied force rate on a complex bond, the rupture force increases. This
observation can be employed to understand the mechanism of protein interaction and extract
parameters characterizing their complex bond. A standard theory, based on a thermal
activation model, is widely used to analyze the AFM rupture force data since it trivially yields
parameters like bond length and dissociation rate. The following discussion shows the details
of this theory, and focuses on problems with the theory and suggested solutions.

3.1. Standard Theory (Bell-Evans Theory)
The theoretical approach presented here follows Bell53 and Evans26: In this approach, the
survival probability, S(t), of a molecular complex bond (i.e. the fraction of bonds that have
not dissociated in a statistical ensemble) evolves according to the first order kinetic equation:
dS (t )
dt

k off ( f ) S (t )

where koff is the force dependent off-rate, given by:

(3-1)
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k off
Here

1
D

1
D

exp

Eb ( f ) / k BT

(3-2)

is an inherent diffusional time scale that does not depend on the applied force. The

force dependence manifests itself only through a modification of the activation barrier, Eb.
However, this is a serious assumption and not necessarily true, because the applied force not
only alters the height, but also the shape of the barrier54.
Solving equations (3-1) and (3-2) leads to an expression for the survival probability as a
function of time:
t

S (t )

exp

k off ( f (t ' )) dt '

(3-3)

0

The distribution of rupture times can then be obtained by realizing that a finite rupture
probability in a time interval dt corresponds to a reduction in survival probability according
to:
P(t )dt

dS

k off ( f (t )) S (t )dt

(3-4)

This can be converted to a distribution of probable rupture forces via:
P (t )dt

(3-5)

P ( f )df

This leads to a general expression for the probability distribution of rupture forces, P(f):

P( f )

k off ( f )
exp
f

f

0

k off ( f ' )
df '
f '

(3-6)
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This equation is quite universal, and different models for the dependence of the off-rate on
df
, can be used.
dt

applied force, and the (non)-linear force rate, f

1. Bell’s Expression
In order to solve these equations, we need to know how the dissociation rate koff
changes with applied force. The dissociation rate depends on the activation barrier for
dissociation and therefore we need to make some assumptions about how the activation
barrier changes with applied force.
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Figure 3.1: The solid curve shows a general example for the potential field of a complex
bond including an activation barrier to the transition state. The bond is characterized by a
x* = 2.5 nm length and 50kJ/mole activation energy. The55dotted curve represents the
This is an assumption that it is in general not warranted , but is nevertheless often
modified energy landscape due to an applied external force f that adds a mechanical
potential ( f x * ) and lowers the barrier.
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If we assume, as is often done, that the barrier is high, the applied force will primarily act to
reduce the barrier height, but will leave the shape and position of the barrier essentially
unchanged, as Figure 3.1 shows. This is an assumption that it is in general not warranted, but
is nevertheless often used, as it allows us to obtain relatively simple expressions. Taking, for
the moment, this assumption to be true, we find Eb ( f )

E b0

fx* , where x* is the location of

the transition state along the reaction coordinate in reference to the minimum energy state of
the bond. We can then write
1
D

koff ( f )

exp ( Eb0

fx* ) / k BT

0
koff
exp( fx* / k BT )

(3-7)

0
Equation (3-7) is known as Bell‘s expression of k off , where k off
is the off-rate at zero applied

force. It states that the life time (

1 / k off ) may shortened by external force causing bond

failure in a thermal process, as Figure 3.1 shows.
2. Evan Assumption (Linear Force Profile)
In the particular case of a linear force profile, i.e. f

df
dt

r f =constant, the above

equations can be solved in closed form to yield:

P( f )

where f c

0
k off

rf

exp

0
k off
fc
f
f
exp
1 exp
fc
rf
fc

(3-8)

k BT
defines a characteristic force scale for the bond at temperature T. The force
x*

distribution in equation (3-8) is clearly not Gaussian, but gives a distribution that is skewed
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towards low force values (Figure 3.2), reflecting the fact that as the force increases, the
lifetime of the bond decreases exponentially.
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Figure 3.2: The theoretical probability density function as extracted from the standard
theory (eqn.(3-8)). It demonstrates that the peak shifts with increasing the load rate. If we
0
use k off
=15.83 s-1 and x*=2.5 nm, the peak shifts from 8.5pN at r f =103 pN/s to 240 pN at
r f =109 pN/s.

The maximum of the force distribution in equation (3-8) (i.e. the most probable rupture force)
can be found by taking its derivative at the rupture force fp , i.e, d ln P( f ) / df

f

yields:

fp

f c ln

rf
k

0
off

fc

(3-9)

fP

0 , which
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Thus the standard BE theory for a linear force profile predicts a linear relationship between
the most probable rupture force, fp, and the logarithm of the load rate, rf, which is constant,
and is given by multiplying the stiffness of the AFM lever by the constant vertical scanning
speed, r f

k l v , where kl is the stiffness of the cantilever. According to the standard theory,

0
the ‗bond length‘ x* and the off-rate at zero applied force, k off
can be obtained by fitting the

most probable rupture force values for a range of load rates.
AFM force measurements verify the prediction of the standard theory about the
increase in the rupture force of a bond when it experiences higher loading rate. But the fitting
0
of the transcendental equation (3-9) for force data does not give accurate value for k off
or

0
x*56,57,58,59. It overestimates k off
at least by one order of magnitude and underestimates x*. In

addition, the standard theory leads to a probability density function (Pdf), shown in Figure
3.2, that does not fit experimental rupture force histograms: often the rupture force histogram
contains a pronounced peak at lower forces followed by a wide tail at higher forces while the
theoretical Pdf shows a tail that extends to the left, towards lower forces, and it ends with a
cut off at high forces29. These observations are considered as indication of a deficiency in the
standard theory which might result from either using Bell‘s expression or the constant loading
rate assumption. However, several approaches that have attempted to modify or eliminate
0
these assumptions in order to improve the obtained values of k off
as well as x*, and fix the

probability distribution function, have not been able to address the issue of the overall shape
of the pdf. In the following, we look at some previous attempts to obtain expressions that
remove some of the more restrictive assumptions of the Bell-Evans model.
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3.2. Investigating Bell’s Expression
Dudko et al.60 tested the validity of Bell‘s expression by utilizing two models
specifying the potential fields Eb ( f ) , namely, cusp and linear-cubic models. Cusp model
Eb0 ( x / x*) 2 , and the cubic-linear model

considers Eb ( f )

3 / 2 Eb0 ( x / x*) 2 Eb0 ( x / x*) 3

Eb ( f )

(3-10)

Eb ( f ) is substituted into the general formula of k off ( f ) given by Kramer‘s theory61;
1

k off ( f ) / k

0
off

e

Eb ( x ) fx

dx

well

e

Eb ( x ) fx

dx

barrier

e

Eb ( x )

well

dx

e Eb ( x ) dx

(3-11)

barrier

The integral is extended over the well and barrier regions, respectively. The results of the
integration for both models can be written in a unified form as:

k off ( f )

k

0
off

1

fx *
Eb0

1/

1

exp Eb0 1 1

fx * / Eb0

1/

(3-12)

2 / 3 and 1/2 correspond to linear-cubic62 and cusp63 models, respectively.

Where

According to this formula, Bell‘s expression is valid for only very large activation energy (
Eb0

) or a deep potential well where the external force is not sufficient enough to deform

its profile ( f .x * / Eb0 1 ). Using equation (3-12) to obtain the force distribution shows that the
most probable rupture force is no longer linear with the logarithm of the loading rate,

fp

Eb0
1
x*

0

0
k off
e Eb
1
ln
Eb0
x*rf

(3-13)
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The activation energy is substituted by Eb0=kBT ln(A/koff0), where A is the Arrhenius
prefactor, which can be determined from separate experiment. In fact, in these models the
relationship between the most probable rupture force and the loading rate depends on the
assumed formula of the potential field. By considering Morse potential, for example, Hanke et
al.64 showed different behavior of the rupture force with the loading rate, than would be
obtained with either the cusp or the cubic model.
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Figure 3.3: (a) shows the behavior of the activation energy as assumed by Morse
potential, linear-cubic, and cusp. (b) shows the dependence of the most probable rupture
force on the loading rate according to these models. The used parameters in these models
are koff0=15.83 s-1, E b0 100 kJ/mole, and x*= 4 nm

According to Figure 3.3, these models show two different regimes of interest, at the low and
high loading rates. The slope of the rupture force versus log of the loading rate changes from
a low to a high slope with increasing rate. The standard theory justification for this behavior is
that these regimes appear when the potential field of the complex bond contains more than
one energy barrier. However, taking the deformation of the barrier into account, as Dudko et
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al, and Hanke et al. have done, shows that these changes in slope are not necessarily
connected to multiple activation barriers.
Neither of the mentioned models yields significantly different kinetic off rate
comparable to the values estimated by the standard theory or leads to a significantly altered
shape of the Pdf that fits the experimental rupture force histograms. Therefore, Bell‘s
expression is still acceptable and even considered in more advanced theories, which treat the
multiple-bonds

ruptures

and complex

bond heterogeneity27,31. This

suggests

the

0
overestimation in the extracted values of k off
by the standard theory might be mainly due to

ignoring of the nonlinear change in the loading rates during the process of dissociation.
3.3. Investigating the Constant Loading Rate Assumption
By assuming a constant loading rate, the standard theory predicts a linear relation
between the most probable rupture force and the logarithm of the vertical retract speed.
However, in AFM, the retract speed is usually imposed by a piezoelectric actuator attached to
the cantilever base (or the sample), and due to the nonlinear nature of the bond and any
polymeric linkers that may be used (see Figure 3.4), the actual instantaneous loading rate is f˙
=

(df)/(dt),

where

may not be a constant.

f

is

the

applied

load

at

some

time,

and
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Figure 3.4: A typical force curve, which shows three main regimes: (1) Contact (negative
distance), where the force rapidly increases due to contact with the substrate. (2)
Stretching of the tether. The pulling force profile ends at xmax= 100 nm where the bond
breaks. (3) No force on the cantilever after bond breaks. The solid curve is the WLC fit
which yields a contour length 106 nm for the tether. The straight line is the tangent to the
force curve at xmax. Note that x0 is a fitting parameter to obtain a best fit to equation (314). It is the location where the force starts to clearly deviate from zero due to the
stretching of the linker.

Because of the resulting non-linearities in the force history, the true force history has to be
taken account when interpreting rupture data. Experimentally, one way to address this issue is
to use a force-clamp setup65, where a force ramp rather than a displacement ramp is used; but
this is only possible if the AFM is suitably modified, and is difficult to implement because of
the inherent detector noise in the AFM.
Theoretically, there have been several attempts to account for force non-linearities in
the analysis of the rupture force data. A minimum correction is obtained when the loading rate
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is calculated from the effective stiffness of the AFM lever and tether system, rather than the
lever stiffness only. For this, the lever and tether are modeled as two springs in series66
(Figure 3.5), and their effective stiffness is given by k eff

(k t k l ) /( k t

k l ) . However, the

polymeric tethers obey Hooke‘s law only for small displacement67, and in AFM
measurements, tethers are often expanded close to their maximum lengths. Thus, the effective
stiffness, or loading rate, is a nonlinear function of the tether extension.
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Figure 3.5: Schematic of two-spring model of tethers and cantilever.

The length dependence of the tether‘s elasticity shapes the rupture force profile, and the tether
length influences the position where the complex protein bond breaks. The tethers are directly
involved in the interaction of the attached molecules68.
The general behavior of the force experienced by the tether versus its extension can be
described by two commonly used models, the freely jointed chain model (FJE) and the

31

wormlike chain model (WLC). FJC is ideal chain model that assumes all bond lengths and
bond angles are fixed, and the torsion angles are independent of each other. On the other
hand, the WLC model is an asymptotic case of the freely rotating chain model, and it is
applicable in the case of stiff polymers of small bond angle. Their prediction of the force
behavior is illustrated in Figure 3.6; the axes represent the chain extension normalized by the
contour length and the force normalized by fk=kBT/lp where lp is the Kuhn length. They show
generally nonlinear force dependence implying that the linker‘s stiffness also changes by its
extension. The forces in the linear regime are a few times bigger than fk, but usually they are
not observed with the AFM due to restricted force sensitivity. However, both models, FJC and
WLC, fit the force profile detected by the AFM well, and therefore, combining either of them
with Bell-Evans theory (BE) might reveal more details about the tether‘s influence on the
protein interactions.
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Figure 3.6: Behavior of the loading force as a function of the tether extension due to the
FJC model (red curve) and the WLC model (blue curve).
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3.4. BE-Worm like Chain Model
In this section, we extend the Bell-Evans model to address the tether‘s influence on the
measured forces using a model that can be easily expanded in a power series - the worm-like
chain model (WLC).

k BT
lP

f ( x)

1
x
1
4
lc

2

1
4

x
lc

(3-14)

Here, lc is the contour length, which is the length of the tether at the maximum extension, lP is
the persistence length, which is the length of a persistence segment of the tether chain. The
system of lever, tether, and complex bond can be modeled as three springs in series.
Therefore, the force acting on the tether, which is given by equation (3-14), is the same force
acting on the bond or cantilever. The instantaneous loading rate is calculated by taking the
time derivative of equation (3-13):
f

df
dt

df dx
dx dt

df
v
dx

(3-15)

with

df
dx

k BT
1 x / lc
2l P lc

3

2

(3-16)

Equation (3-16) defines the stiffness of the used tethers as a function of position. Figure 3.7
shows how the tether stiffness changes versus extension. For very small extension, the
stiffness is almost constant as expected for polymers. In our case, however, the tethers
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attached to the AFM probe extend close to their maximum length (Figure 3.4). The apparent
stiffness at rupture (x=xmax) is given by:

k BT
1 xmax / lc
2l P lc

k app

3

2

(3-17)

Equations (3-6), (3-14), and (3-16) can be solved numerically to obtain the distribution of
probable rupture forces. Alternatively, we can approximate the expressions. This can be
accomplished by expanding the tether stiffness in equation (3-16) around x0, the onset of the
force:

df
dx

n

1 d n (df / dx)
dx n
0 n!

( x x0 ) n

(3-18)
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Figure 3.7: The tether stiffness as given by the WLC model. For the regime of small
extension, the stiffness is almost constant. This is expected since the tether behaves as an
elastic spring in this regime.
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If the used tethers are long enough, i.e, ( x x0 ) / lc

1 , the two leading terms of the above

series dominate. Keeping just the first two terms (the linear and quadratic terms)69, we obtain:
df
k t 2 (x
dx
f ( x)

k t and

kt ( x

(3-19)

x0 )
x0 )

(x

x0 ) 2

(3-20)

are given by the WLC model as follows:

kt

k BT
(1 x0 / lc )
2l P l c
3k BT
(1 x0 / lc )
4 l P l c2

3

2

(3-21)

4

(3-22)

Using equations (3-15), (3-19), and (3-20), the probability distribution obtained from equation
(3-6) becomes:

P( f )

f

0
k off

v k t2

4f

exp( f / f c ) exp

k

0
off

exp( f ' / f c )

2
0 v kt

4f

df '

The most probable unbinding or rupture force f p , is found by setting

(3-23)

d ln P( f )
df

Replacing the speed v in equation (3-23) with the apparent loading rate, r f

0.
f

fP

k app v , this

yields a transcendental equation between the most probable rupture force and the loading rate,

k t2

2
4fp

1
fc

0
k app k off

r f k t2

4fp

exp( f p / f c ) 0

(3-24)

In this equation, the characteristics of the tether are contained in the apparent loading rate, the
intrinsic stiffness, kt, and the second-order nonlinear term

. If the force profile were linear,
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the parameter

0 ). In this case the slope of the force profile

would approach zero (

would be constant, which means kapp= kt and equation (3-24) reduces to equation (3-9). Figure
3-8 shows the shape of the left-hand side of equation (3-24) for realistic parameters.
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Figure 3.8: Plot of fp as a function of load rate, calculated from solving equation (3-23).

Figure 3.8 shows that the rupture force does not change linearly with the logarithm of the
loading rate. Instead there are two regimes: one at low loading rates where the dependence is
highly non-linear, and the other at high loading rate, where the rupture force appears to be
almost linear with the logarithm of the loading rate. Deviations from the linear behavior in fp
versus log rf plots also arise from taking changes in the energy barrier into account.
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3.5. Bell Evans-Freely Jointed Chain Model (BE-FJC)
Freely Jointed Chain (FJC) model is also convenient for the nonlinear force response
of a polymeric linker, and it shows fits similar to the WLC model in Figure 3.4. FJC58,59
predicts the linker extension behavior with the loading force as in the following equation,

l ( f ) lC coth

f
fK

fK
f

(3-25)

Again lc is the contour length, and fk is Kuhn force. Since the forces detected by AFM are
usually bigger than fk, the above equation is simplified to be
f

l( f )

lC 1

fk / f

(3-26)

base
d

l

The force dependent length of linker l(f) is related to the total
distance covered by the cantilever base z, as shown in Figure
3.9, z=d+l, where d is the cantilever deflection. If the
cantilever base moves with constant speed v, the total
distance after all would be z= vt. Since the applied force by
the cantilever is f=kl d, where kl is the cantilever stiffness, we

Figure 3.9: Schematic
representation
of
the
distance covered by the
cantilever base in term of
its deflection and the tether
length.

can write vtkl=f+lkl. By taking the derivative of both sides of this equation, we obtain

vkl

f

kl (dl / df ) f , or
1
f

1
kl v

1 dl
v df

(3-27)

Equation (3-26) is a general formula that yields the dependence of the loading rate on the
retract speed as well the stiffness of the used linker. By ignoring the second term of this
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equation, it is reduced to f

k l v , which is basic assumption in the standard theory. However,

this assumption would only be valid if the linker stiffness was infinite. By substituting
equation (3-26) into (3-27), we obtain

1
f

1
kl v

lC f k
v f2

(3-28)

Equation (3-28) confirms that the behavior of the AFM loading rate acting on the attached

Fractional loading rate f/klv

molecules is nonlinear with the applied force.
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Figure 3.10: The behavior of the fractional loading rate as given by equation (3-27).

This is illustrated in the Figure 3.10, showing the fractional loading rate versus the normalized
force for three linkers of different lengths, 10 nm, and 100 nm. All linkers demonstrate similar
behavior with small deviation with the fractional loading rate at the same applied force. By
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substituting equation (3-27) into equation (3-6), we obtain an expanded form of the
transcendental equation given in equation (3-9).

k off f c exp( f p / f c ) f p2

k l lC f k

2

f p r f f p3

k l lC f k ( f p

2 fc )

(3-29)

By comparing equation (3-29) to the transcendental equation of BE model, we find out that it
involves the linkers in the rupture force-loading rate relationship by including their contour
length and Kuhn force as two more parameters. For this, hundreds of force-curve profiles
have to be fitted into FJC model so contour length and Kuhn force histograms can be built to
extract their most frequent values. The prediction of the rupture force with loading rate,
according to equation (3-29), is illustrated in Figure 3.11, showing the rupture force behavior
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Figure 3.11: The rupture force dependence on the loading rate as equation (3-29)
predicts.
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The traced curves show that the nonlinear behavior of the rupture force is most pronounced
for long linkers. However, this behavior appears in the low loading rate regime where the
AFM does not operate. Equation (3-29) can be simplified into equation (3-9) if the contour
length is small and the stiffness kl is very low. This validates the standard theory for the case
in which short linkers are attached to soft cantilevers.

40

Chapter 4
INSTRUMENTAL SETUP
4.1. Introduction
Atomic force microscopy (AFM) is a high resolution imaging technique and a
powerful method to detect tiny forces down to pico-Newtons. The history of the AFM begins
with the invention of the scanning tunneling microscope70 (STM) in 1983. The limitation of
the materials to be studied by the STM technique, especially the need for conducting surfaces,
led to develop the AFM in 1986. AFM investigations have covered a wide range of samples
since its birth, including thin and thick film coatings, ceramics, composites, biological
membranes, polymers, and semiconductors71. The fast growth of AFM applications is due to
the fact that AFM has many advantages over conventional microscopic techniques. For
example, the AFM has ability to probe the surface of a sample in any direction and yield three
dimensional images72,24. This can be achieved in different environments, such an ambient or
liquid73, with remarkable resolution down to 0.1 nm in x-y plan and 0.01 nm in z-direction.
Moreover, the AFM not only provides an image of a sample, but it also measures the force of
interaction between sample and the material coated on its probe74,75,76.
Figure 4.1 shows the basic set up of the AFM. The main parts of the AFM include a
probe, which consists of a cantilever with sharp tip at its end, a scanner, a system for detection
of the cantilever deflection, a sample holder and electronics. The AFM characterizes the
sample by detecting the force of interaction between its sharp tip and the sample surface. For
this, the AFM probe is brought manually to the sample surface, and then the scanner adjusts
the tip-sample separating distance according to the set point chosen by the user. At the same
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time, a laser beam is aligned to the back of the cantilever where it bounces off to a positionsensitive detector (PSD). When the probe comes close enough to the sample, the force of
interaction causes a deflection of the cantilever. Then, the laser spot on the detector will
deviate, which induces a voltage difference between different sections of the PSD. The AFM
electronics use this voltage either to calculate the force acting on the cantilever (force-distance
mode), or as a feedback information to yield image for the detected surface (imaging mode).

Feedback loop

Electronic

Scanner

X,Y
Detector
r

Z
Laser
Cantilever
tip
Sample

Figure 4.1. Schematic diagram showing the operating
principle of the AFM

The design of the AFM can be modified in order to facilitate a particular study. In our
laboratory, we use a commercial AFM designed for biological applications. In addition to the
basic parts, this AFM is supplied with an optical microscope and a magnetic sample plate
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with room for a liquid cell. We implemented also an isolation box to reduce the external noise
and a vibration isolation system. The following sections explain the structure and function of
each part of the commercial AFM in more detail as well as the principles of its force-distance
and imaging modes.
4.2. AFM Setup
4.2.1. AFM Head
The AFM head includes the laser diode, piezoelectric tube scanner, and AFM probe
holder as figure 4.2 shows. The head is designed in a way so it can be easily attached or
detached to AFM stage.

Scanner tube

Photodiode detector
Room for Photodiode

Figure 4.2: AFM head to the left and the photodiode detector to the right.

The two head connections to the laser power supply and to the electronics have a group of
very fine wires, which can easily be broken if the connection is sharply bent or pulled.
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Operating the head in a liquid environment needs more awareness since any liquid drop could
cause an electronic short by entering its internal parts. This could damage the scanner.
The scanner is a combination of different piezo electric actuators involving a hollow
piezo tube and four piezo plates. The piezo tube is made from piezoelectric ceramic with
dimensions 20 mm long, 8.6 mm diameter, and 0.65 mm thickness. Its outer wall is connected
to an electrode, and the inner wall is grounded. It vertically extends and contracts with piezo
constant 2.7 Å/V, therefore, it has a measured 1.4 µm maximum scanning size at an applied
voltage ±262 V.
The four plates are identical and are of the same material as the piezo tube. The
operating voltage is applied to the center of the outer face of each plate, while the inner face is
grounded. Each facing plate couple extends and contracts to move the entire system either in
X or Y direction, in a see-saw like fashion. Because the plates are placed at the top of piezo
tube, the maximum scanning range in X or Y does not depend only on the plate dimensions,
but also on the length of the tube. Hence, this design results in a 0.62 µm maximum scanning
size in X or Y direction. The vertical or horizontal scanning size can be modified by changing
the dimensions of the tube or the plates, but that would be limited to the size of the internal
room of the AFM head. At the lower end of the scanner a metal ring is attached, on which the
probe holder is pressure –fit with a viton O-ring. The probe holder consists of a flouropolymer
body, a spring to hold the cantilever and a quartz window, which allows passage of the laser.
On top of the AFM head are laser diode screws that allow us to align the laser to the
cantilever. The aligning process starts from the integrated CCD camera, which visualizes the
laser spot, and shows whether it reflects from the cantilever itself or the cantilever holder.
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Then, it is manipulated by these screws until the laser spot is placed right over the end of the
cantilever. The reflected laser spot appears on the window of the AFM head. The photo diode
fits into this window where the diode can be moved with adjustment screws until the reflected
laser collected at its center. Aligning the laser spot properly over the cantilever ensures a high
enough signal for successful tip-sample approach.
The laser beam and position-sensitive photodiode form the system that detects the
cantilever deflection or twist. The laser beam is produced by a laser diode that is attached to
the end of the AFM head. It shines through the scanner and onto the cantilever. Laser spot
bounces off the cantilever into the photodiode. Typically the photodiode is divided into four
segments, Figure 4.3. During the imaging process, the cantilever vertically bends, which
causes a motion of the laser spot between the photo diode. This induces a total photocurrent
signal given by ∆Ivertical = (IA+IB)-(IC+ID).

A

B

Laser beam
Scanner

C
Cantilever

D

Photo detector
Cantilever bending

Figure 4.3. Schematic picture of the laser detector. It represents the motion

of the laser spot due to the motion of the cantilever. The vertical deflection
causes vertical components of the laser displacement between the upper
and lower parts of the diode while the twisting causes lateral components
between the right and left parts of the diode.
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If the friction force was not eliminated, the cantilever could also twist. This would result in a
horizontal translation of the laser spot, which gives additional photocurrent, ∆Ihorizontal =
(IA+IC)-(IB+ID).
4.2.2. AFM Probe
The AFM probe is a sharp tip attached to one end of a cantilever beam. The
characteristics of each cantilever depend on its shape, dimensions, and the material it is made
of.

L

w
t
z

h

y
x

Figure 4.4. Geometry of rectangular cantilever
that ends with a sharp tip.

The probe tip is fabricated from the same material as the cantilever beam, and has typically a
pyramidal shape with radius of curvature of less than 50 nm at the tip end. As Figure 4.5
shows, the tip is located at the end of the cantilever. Since the tip is the part which is brought
into interaction with the sample surface, it directly affects the resolution of obtained images 77
or force curves.
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Figure 4.5. Scanning electron microscopy (SEM) images show the
shapes and the locations of two different tips. Unlike the tip in the left
image, the tip in the right image locates exactly at the end of the beam
with canonical profile. This tip looks shiny because it is coated with a
layer of gold. The tip location slightly affects the effective stiffness of
the probe.

The cantilever is chosen according to the sample to be studied. For imaging the topography of
solid surface with high resolution, stiffer cantilevers can be used. Low stiffness cantilever is
recommended to investigate soft materials. For rupture force measurements of single
molecule, low stiffnesses of order <0.1 N/m are advisable to increase force sensitivity.
4.2.2.1. Calibration the Stiffness of the AFM cantilever
To quantify force measurement obtained by AFM, the stiffness of the used cantilever
must be known. Therefore, calibrating the cantilever to precisely obtain its stiffness is crucial
for the interpretation of force data. Calibration can be accomplished using different
techniques; loading, geometry-based methods and thermal approaches. In the loading
technique, the cantilever typically is loaded with known force, and the corresponding
deflection is measured78. According to Hooke‘s law, the stiffness is measured by dividing the
loading force over the amount of deflection. Another approach brings the cantilever in contact
with a typical cantilever of known stiffness kt . The repulsive force-distance slope found in
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this contact St is compared with a slope on a solid support Ss where the ratio Ss/St determines
the unknown stiffness.

Kt
St
Kl

Figure 4.6. Schematic of two
cantilevers directly in contact. The
calibrating cantilever is the one on
the top.

kl

kt (S s / S t

1)

(4-1)

Practically, it is very tedious to load a cantilever with a tiny force or bringing it in contact
with other lever, therefore, this method is not commonly used.
The geometric method yields the stiffness of the cantilever by measuring its three
dimensions along with its resonant frequency79. The relation between the stiffness and its
geometry is drawn from the classical beam theory. For rectangular cantilever, the normal
deflection of the free end under influence of an external load P is determined in terms of its
elastic modulus E, density

z
Thus, the stiffness is

,

width w, thickness t and length L:

Ewt 3
P
4L3

kl

(4-2)

Ewt 3
. The uncertainty of the calculated stiffness is given by
4L3
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Usually the dimensions of a rectangular cantilever are few hundred micrometers of length,
few ten micrometers of width and few micrometers of thickness. Of these, the thickness is
difficult to measure precisely – typically only within 10% or so. Thus, the second term of the
above equation 3
combining the

t

causes significant error in the obtained stiffness. This can be avoided by

kl equation with the resonant frequency equation,

f

W here
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1 t
2 L2

4

E

(4-4)

12

is a numerical constant referring to the first mode of vibration of the beam.

By substituting for the thickness t using equation (4-4), we obtain
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(4-5)

In our lab, we frequently use the above equation to extract the normal stiffness since scanning
electron microscopy is available to measure the dimensions of the cantilever as well as AFM
electronics to obtain its resonant frequency. To confirm the result, we use the thermal
technique.
Thermal motion is a main source of noise in the AFM, but it can be employed to
obtain the cantilever stiffness with high degree of accuracy and even without any knowledge
of its constitute material or geometry80. In this approach, the cantilever oscillates freely under
the thermal influence. The cantilever is modeled as a harmonic oscillator with one degree of
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freedom. According to the equipartition theorem, we have k l ~
Boltzmann constant, T is the medium temperature, and

x2

k BT
.
x2

Here, k B

is

is the mean square of the

thermally fluctuating cantilever deflection. We use an oscilloscope to record the time trace of
voltage difference induced by the photodiode due to the cantilever‘s deflection over a period
of time. These data can be converted into deflection by using the photo diode sensitivity
factor, which is determined by a controlled force curve obtained on a solid surface. Finally,
we take the Fourier transform of the time domain data, which are summed and averaged as
square amplitude over a large frequency range. The distribution of the resulted amplitude has
a peak around the cantilever resonant frequency, Figure 4.7.
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Figure 4.7. Frequency spectrum of a calibrated cantilever using thermal noise technique.
The fitting to equation (4-6) yields 11.9 kHz resonant frequency and 52 pN/nm stiffness.
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The distribution is fitted to the following expression;
x2 ( f0 )
Q2

x2 ( f )

1
1 ( f / f0 )2

2

( f / f 0 Q) 2

(4-6)

Here f0 and Q are the cantilever‘s resonant frequency and quality factor, and <x2(f0)> is the
mean square amplitude at resonance. By normalizing the amplitude distribution over all
frequencies to (kB T/kl ), we determine the cantilever stiffness;

kl

2

k BTQ
x ( f0 ) f0
2

(4-7)

4.2.3. Sample Plate
The sample plate is a solid plate of steel that safely holds the sample of interest, Figure
4.8. The plate fits beneath the microscope and is attached magnetically to three magnetic
screws. Two of these screws can be moved manually, while the third is controlled by a
stepper motor for the fine approach of the sample towards the cantilever.

Sample plate

Figure 4.8: Sample plate and Teflon cell on its top.

Teflon cell
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Two translational screws manually move the sample in X and Y directions with respect to the
tip, with 5 mm maximum range. Each revolution of the screws translates the sample about
0.23 mm. For liquid work, a Teflon cell is used, which easily attaches to the sample plate
using spring loaded posts. The maximum volume of the cell is 1.14 cm3. But it should not be
totally filled because the AFM probe and holder displace a significant amount of this volume.
To prevent the liquid from leaking out and to keep the substrate tight, a rubber O-ring pressed
down by the two spring loaded clamping pins, is used. The liquid temperature can controlled
using a heater and temperature control. This facilitates the study of biological samples under
physiological conditions (37o C). As Figure 4.9 demonstrates, to bring the AFM tip in contact with
the sample on the plate, the plate has to be tilted with small angle with respect to the cantilever and not
further than the distance range of the third screw. Otherwise, the system may fail to bring the

sample and cantilever gently together touch, and the cantilever might be crashed.

α
Figure 4.9. The plate
position is inclined with
small angle, α.

4.3. Force-Distance Mode
In this mode, the AFM is used to measure the force of interaction between its tip and
the sample of interest as a function of the separation between them. Force-distance
measurements are recorded as a continuous force curve, during the approaching or retracting
process. Measurements can be repeated as many times as required to investigate a particular
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property of the sample surface. Experimentally, the horizontal axis of the force curve
represents the extension of the piezo, and the vertical axis shows how much the force is acting
on the cantilever via Hooke‘s law F

k l d , where k l is the cantilever stiffness and d is its

deflection. Figure 4.8 shows a typical force curve on a solid surface. This force curve shows
three different regimes of interest: a flat regime, to the right side of the force curve, where the
scanner is fully retracted, and zero force is acting on the cantilever since the tip is still far
from the sample.

Force(nN)

600
400
200
0
-200
-200

0

200

400

Distance(nm)
Figure 4.10. A typical force curve shows the acting force on a cantilever of stiffness 2.5
N/m when it is approached to a gold surface. It shows three different regime of interaction,
and it includes 155 nN adhesion force.

As the scanner extends, the cantilever remains undeflected until the tip comes close enough
where it snaps into the surface. In this region, the cantilever bends toward the surface since it
experiences a large attractive force. By the continuous extension of the scanner, the cantilever
is then pushed harder onto the surface. In response, it deflects away from the surface under
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the repulsive force. If the surface is very stiff, the cantilever deflection and the amount of
scanner extension are equal. Thus, the force curve on a hard sample provides a way to
calibrate the positions sensitive detector. On a soft sample, however, the cantilever deflection
depends not only on the piezo extension, but also on the deformation of the sample. In such a
case, the force can provide quantitative information about the mechanical properties of the
sample.
The three regimes that characterize the force curve can be classified as noncontact
regime, intermediate regime, and contact regime81. There are basically two forces acting on
the tip in all of these regimes: Van-der-Waals force which is balanced by the spring force of
the cantilever. Van-der-Waals force significantly varies with the separation distance, and can
change from attractive force to repulsive force, although in simple situation it is always
attractive. It weakly attracts the tip to the surface as long as it is far from the sample. The
maximum attraction occurs just once the tip reaches the sample surface. Attempt of the tip
atoms to overlap with the surface atoms is prevented by Pauli Exclusion Principle, where the
electrons clouds repel on each other electrostaticly. This provides a repulsive force that
weakens the attractive force until their sum approaches zero at a distance comparable to the
length of a chemical bond (~2 Å).
In ambient environment, there is a strong capillary force, which provides strong
attractive force (10-8 N) that holds the tip in contact with the surface82. This is demonstrated in
Figure 4.11, which shows a measurement of the adhesion force on gold, in water, which is
lower than the adhesion force obtained in Figure 4.10, which was measured under ambient
conditions.
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In general, the AFM is used to investigate wide types of forces since its probe can be charged,
or coated with ferromagnetic material, or even decorated with single molecules.
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Figure 4.11. Force interaction of 2.5 N/m cantilever with a surface of gold but in a liquid
medium.

4.4. Imaging Modes
Unlike the other microcopies, the AFM images the topography of a sample of interest
using the force of interaction between its tip and the sample surface. This allows the AFM to
operate in different modes: contact mode, non contact, tapping mode, and MAC mode. In the
following, I will discuss how these different modes work and when they are used.
4.4.1. Contact Mode
In this mode, the AFM tip comes in soft contact with the surface of the sample where
the repulsive force bends the cantilever upward74. The interaction force varies according to
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the topography of the surface. To use the force information to yield images of the detected
surface, the AFM electronics contains a feedback loop. The feedback loop utilizes the induced
voltage by the detector as feedback information to control the applied voltage on the scanner
and thereby adjust its motion. This adjustment aims to keep the deflection of the cantilever
fixed (constant force mode). The sensitivity of the feedback loop can be altered by changing
the gain constants. High gain leads to sensitive control of the imaging force, while at low
gains, the tip moves at constant height, and the force is allowed to change (constant height
mode). In constant force mode, which is the most common mode used in AFM, the AFM
electronics use the change of the voltage applied to the scanner to give topography image. In
constant force mode, this voltage is constant, and instead, the deflection signal from the PSD
contains information about the sample.
In addition to the topography images, friction images can be obtained by using
torsional deflection of the cantilever. Two factors may force the cantilever to twist during the
scanning process; either the change of the surface friction or a steep slope. These cases are
illustrated in Figure 4.12.
Picture A demonstrates how the friction force, due to the surface inhomogenity, causes
twisting of the cantilever, and picture B shows similar twisting but due to the change of the
slope. Obviously, the normal topography image distinguishes between the effects on each
factor.
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Figure 4.12. The topography image
distinguishes between the surface friction and
steep slope affects.

To detect very small forces and avoid the external noise, the used cantilever has to be soft
enough and with high resonant frequency. However, since the tip is in contact with the
surface, combination of lateral and capillary forces would reduce the spatial resolution, and
they might deform the features of the sample, or even damage it. Therefore, the contact mode
is more convenient for scanning rough samples with extreme changes with vertical
topography.
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4.4.2. Noncontact Mode
In this mode, the tip operates relatively far from the surface, typically, in the region of
the attractive forces83. To avoid snapping of the cantilever to the surface, its stiffness has to be
adequately high. Under these conditions of imaging, the interaction force between the tip and
the surface would vary only slightly due to the change of the sample topography. As a result,
the sample would be safe, but the resolution of the obtained image would be low.
4.4.3. Tapping Mode
In this mode, the cantilever is oscillated at, or close to its resonant frequency84, and
close to the surface. The tip contacts the surface intermittently, and the force of interaction
between the tip and the surface causes changes of the amplitude and the phase of the
oscillations. Either of these changes can be used as a feedback signal to adjust the height of
the piezo scanner, in order to measure topography. The cantilever can be vibrated either by
using an oscillating piezo or by applying a sinusoidal magnetic field on a magnetic cantilever
(MAC mode). The MAC mode is more favorable since it is a more gentle and nondestructive
technique even for soft samples85. Typically, the cantilever oscillates with amplitudes in the
range 10-100 nm. During the oscillations, the cantilever experiences both long range and short
ranges forces. Under this condition, low stiffness cantilever will jump from low amplitude to
high amplitude under influence of high thermal noise. On the other hand, stiff cantilever
would reduce the effect of the noise. Choosing the proper stiffness of the cantilever eliminates
dragging the tip across the surface, thus, it avoids large part of shearing force, reducing
potential damage of the sample. Moreover, tapping mode yield images with resolution

58

comparable to what is given by the contact mode. These advantages qualify the tapping mode
to safely investigate soft samples.
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Chapter 5

MEASUREMENTS AND DATA ANALYSIS USING A MODEL
SYSTEM

Success in detecting the interaction between a pair of proteins and obtaining the
strength of their rupture depends mainly on the accuracy of the stiffness of the AFM
cantilever, the chemistry involved in the sample preparation, and the model that is used to
analyze the measured force data. Usually the stiffness of the used cantilever is in the range 10100 pN/nm, which is comparable to the stiffness of proteins complex bond. The determination
of this stiffness directly impacts the obtained rupture force since the AFM measures the force
by multiplying the cantilever stiffness and the deflection of the cantilever. The used sample in
our AFM-based protein measurements has two parts; the AFM probe and the substrate. The
chemistry of each part is modified during the process of preparation, such that the sample
surface binds the protein covalently. The force data to determine the rupture force has to be
specific and due to the interaction of the attached proteins. Undesired, nonspecific interactions
have to be avoided, by blocking unreacted sites. However, this process is never perfect. In
reality, some of the recorded force data are nonspecific, which must be excluded during the
data analysis. The size of the specific force data has to be sufficiently large, about several
hundred rupture events, to make it statistically valid to build a force histogram. The most
frequent force, or rupture force is determined by the peak of this histogram. Moreover, the
histogram shape is an indication of the nature of the protein‘s interaction, i.e. it reflects single
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or multi-attachment interactions. We tested our procedures of calibrating the cantilevers,
functionalizing the sample, and analyzing the data by investigating the rupture of a known
complex bond between biotin and avidin.
5.1. Sample Preparation
The AFM detects the force of interaction between two relevant proteins, where one of
them is attached to its tip and the other to a solid substrate86. The protocols of attaching the
proteins to the surfaces of the tip and the substrate are similar and can be placed in two main
categories: one is to directly coat the proteins into the surface, and the other is coupling them
with flexible cross linkers anchored to the surface. Direct coating successfully works if the
surface is silanized, i.e., its chemistry is modified to be positively charged and hydrophobic87.
The method of silanization is to treat the surface with 3-aminopropytriethoxysinlane
(APTES)88. Such coating is simple, but it increases the surface roughness and shows
significantly nonspecific force interaction. On contrast, the linker method involves more
complicated steps of functionalizing, but they play crucial rules on the experimental level.
Linkers shift the offset of the force of interaction, which distinguishes between specific and
nonspecific detected forces12,89. Moreover, they allow the attached molecules to assume
different orientation, which increases the binding probability90. If the linkers covalently bind
the molecule, they form strong bond which does not to separate from the molecules during the
process of interaction91. In addition, by changing the number of active linkers adhered to the
sample the surface density of the molecules can be modified either on the AFM tip or on the
substrate92, which affects the frequency of the successful detection. The number of linkers on
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the sample surface might be reduced to obtain single molecule interactions effectively all the
time93.
Polyethylene glycol (PEG) is conveniently used as the cross-linker. It is commercially
available with an array of different active terminal groups. For instance, PEGs Thiolcarboxylic are terminated with a thiol (-SH) group on one end and carboxylic group (-COOH)
at the other end.
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Figure 5.1: Schematic representation of the
proteins sample. The tip and the mica
surfaces are coated with gold where the
Thiol-carboxylic PEGs are attached. The
free end of the PEGs on the AFM tip
covalently binds the Biotin while the one
attached into the Mica binds the Avidin.
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The thiol interacts to form a strong bond with the gold via a self-assembly process94, while the
carboxylic group stays as a free end, forming the active group for protein attachment. Other
commonly used PGEs are Bis-amine PEGs which is terminated on both ends with amino
group (NH2). These can be attached to an aminated surface. Preparation of our sample starts
by coating the AFM probe and the substrate, which is cleaved mica, with a thin layer of gold
which was coated using a thermal evaporator. The proper gold thickness is around 50 nm.
Usually we coat the mica first with a thin layer of chromium, 5 nm thickness, to guarantee the
gold will not come off during the incubating process. After that, we follow procedure to attach
thiol-carboxylic PEG of molecular weight 3400 Da into the gold coated surface. The free end
of these PEGs is ready to be functionalized with the proteins of study, as Figure 5.1
demonstrates.
5.1.1. Protocol of Decorating the AFM Tip and the substrate with PEG Linkers
The adopted method of immobilizing the thiol-carboxylic PEGs into the AFM tip, or
the cleaved mica starts by cleaning the gold surface. According to the procedure documented
by Asemblon, Inc, this can be achieved by rinsing the substrate several times with ethanol,
then hexane, followed by purified water. These chemicals remove any hydrophilic or
hydrophobic contaminants. Then, the tip or substrate can be dried with a stream of nitrogen,
and incubated in the PEG solution. The area of the mica surface is 87 mm2, which needs at
least 5 ml of solution to be incubated. Dissolving 10 mg of PEGs gives a solution of 10
mg/5mL concentration. The molecular weight of the used PEGs is 3400 Da, thus, the
solutions molarity would be 588 μM, which is adequate to coat the surface. Solution of
similar molarity can be used to coat the tip surface. To incubate, the sample was placed in a
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container filled half-way or less with the solution and backfilled with nitrogen gas. The mica
sample is incubated for half an hour on a rocker, while the AFM tip was dipped in the solution
for one hour. After the incubation, the PEGs functionalized gold surface was rinsed again
with ethanol and water to stop the self-assembly. To avoid any contamination or dirt, it is
recommended to dry the sample with nitrogen and keep it in a vacuumed container.
5.1.1.1. Testing the Procedure of Attaching the PEG
To investigate whether the above procedure succeeded in attaching the PEG to a gold
surface, we studied the force data obtained by the AFM on samples 1 and 2. As Figure 4.3
shows, the same AFM tip, which is coated with a film of gold, is used in both samples.
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A
u
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Sample 2

Figure 5.2: Schematic for the used samples; sample 1 has mica gold
coated while sample 2 functionalized also with PEG group.

The relevant data to sample 1 show regular gold-gold adhesion force curves as in Figure 4.8,
while sample 2 data shows 6.9% of the force curves exhibiting a nonlinear force profile as
Figure 5.3 presents, which is due to the extension of the PEG linkers.
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Figure 5.3: Force-distance curve verifying the presence of PEG linker.

5.1.2. Attaching Proteins to the PEG Linkers
The proteins of interest can be attached covalently to the linkers on the AFM tip or
substrate using the following procedure:
1) Reaction with EDC: the tip is rinsed with 350 µL PBS buffer. After that it is incubated
with 350 EDC (1-ethyl-3-(3-dimethylaminopropyl)) solution, which is 0.05M
dimethylamine, for 15 minutes. Finally it is washed three times with PBS buffer.
Au----S--(CH2CH2O)75-CH2CH2-COOH+CH3CH2-N=C=N--(CH2)3-N+ H-(CH3)2 Cl-

NH-CH2CH3

HCL

Au----S--(CH2CH2O)75-CH2CH2-C-O-C=N-(CH3)2-N+--CH3
O

CH3
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2) Reaction with NHS: the tip is reacted with NHS (N-hydroxysuccinimide) where it is
incubated with 350 µL NHS solution, which is 0.05 M and PBS buffer, for one hour.
Then, it is washed three times with PBS buffer.
Au----S—(CH2CH2 O)75-CH2CH2-C-O--N-(C=O)2(CH2)2
O
3) Reaction with protein: the unreacted surface linkers are incubated with 0.5 mg/mL
TIMP1, or TIMP2 in 350 µL PBS buffer for one hour. After that, it is washed for one
time with PBS buffer.
Au----S—(CH2CH2 O)75-CH2CH2-C-O—N-H---

Protein

O
4) Reaction with ethanolamine-HCL, the tip is blocked with 0.1 M solution of
ethanolamine-HCL for 15 minutes, and the substrate is washed four times with PBS
buffer. Similar procedure can be followed to attach the relevant protein to the linkers
on the substrate with less concentration, 0.2 mg/ml, and three hours incubation time.
5.2. Rupture Strength of the Biotin-Avidin Bond
5.2.1. Measurement procedure
A commercial AFM (Agilent 5100, operated with a RHK controller) was used to
examine the interaction of biotin-avidin. Functionalized cantilevers were used in all
experiments.

The stiffness of the cantilevers was determined using the thermal noise

technique, and ranged from 10-70 pN/nm. Control experiments were performed by leaving
either the lever or the substrate, or both of them, unfunctionalized. The obtained force curves
in these ‗blank‘ experiments were considered as a reference for any specific event that might
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be observed due to the biotin-avidin interaction. We observed no specific unbinding events in
any scans that lacked either the avidin on the surface or the biotin on the tip. After the
reference scans, we performed experiments using functionalized tips and substrates at speed
ranges from 30nm/s to 1400nm/s and up to 600 force curve cycles were recorded at each
speed. The interactions were detected at several locations of the sample surface, which covers
multiple possible configuration of the complex bond. The same tip could be used repeatedly
for many hundreds of measurements. Also, the experiments showed that biotin attached to the
tip was active for several weeks after the time of functionalization. This suggests that we
measured the complex bond between biotin and avidin and not the rupture of the linkers.
However, the avidin-coated substrates could not be utilized for more than one week because
the gold layer of the mica substrates tended to detach.
The disadvantage of the used AFM electronics was the slow sampling time during
force measurements. This limited the maximum scanning speed to about 1400 nm/s. To have
measurements at higher speeds, we need to use a digital Agilent oscilloscope with GHz
sampling rate to collect force curves.
5.2.2. Data Analysis
The functionalized AFM probe is brought close enough to the surface of the sample
which gives an opportunity for proteins to bind to each other95. Then the probe is retracted at
a constant speed, v , until the bond breaks. The main observable in such a measurement is how
much force is needed to break the complex bond, which is called unbinding, or rupture force.
The above force curve shows how the force acting on the AFM lever changes versus the
distance between the tip and the substrate (piezo extension).
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Figure 5.4: Example of the force-distance curve cycle. The little cartoons show the
positions where the bond is formed, at (1), experienced maximum force, at (2), and
broken, at (3).

The regime of interest is where the bond is broken, which appears as a particular event with
nonlinear profile. The nonlinearity of the binding event and its location offset easily
discriminate it from non-specific adhesion events.
The force of interaction detected by the AFM represents any rupture that occurs
between the attached molecules on its tip and the adhered molecules on the substrate. The
likely scenarios possible configurations are illustrated in the Figure 5.5. Panel A shows the
rupture of two individual molecules where the maximum stretching of the linkers is about
double of the linker contour length, and the applied force on the AFM probe is equal to the
force acting on the molecular bond. The force curve in Figure 5.4 shows how the rupture of
these molecules appears as a single event where the distance between the point where the tip
loses contact with the surface, and the point where the bond broken corresponds to the length
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of the stretched linkers. Panel B shows the rupture of protein molecules and the gold coated
the substrate. Panel C shows the rupture of protein molecule and linker molecule.

A

B

C

D

E

Figure 5.5: Different arrangements of the interacting molecules. The attached molecules are
labeled in red color. Panel A shows specific interaction between single couple of relevant proteins.
Panel B and C show nonspecific interaction between protein molecule and the gold or empty
linker. Panel D and E represent interaction of aggregate of proteins.

These are undesired ruptures, and if they occur significantly, the obtained force data will be
misleading. In case B, only one linker is involved, thus, any event on the force curve located
at a distance less than the contour length must be excluded. Panel C shows an undesired
rupture where protein molecule attaches to an empty linker. The binding probability of this
type of rupture is very low and without statistical effects on the collected data, as our control
experiments show. Panel D and E show rupture of multi attachments which involve more than
one protein molecule and stretching several linkers. The force curves in Figure 5.6 represent
multi-attachments interaction showing more than one event.
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Figure 5.6: Examples of force curve that detect multi-attachments interaction. The left force
curve shows that the difference in the length between the extending linkers is 78 nm, while
the length difference in the right force curve is only 11 nm. If the linkers have comparable
length, the force curve would show single event.

The difference between the force curves on the left and on the right is in the lengths of the
engaged linkers in the interaction. In case the lengths of the linkers are equal or close, the
force curve may show a single rupture event, which in reality consists of two ruptures
occurring at the same piezo extension. Such an extraordinary event is associated with a
detected force that is bigger than the rupture force of a single protein‘s bond27 because the
force is distributed over several bonds. Reducing the protein surface density may lower the
frequency of these events, but it would not eliminate them.
Usually, many experiments are performed under identical conditions to build up a
histogram of measured unbinding forces. This histogram represents the force probability
distribution function (Pdf), which yields the probability to measure an unbinding force in a
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given force interval. The general characteristics of a force histogram are represented by its
peak and its right shoulder, or tail, as seen in Figure 5.7.
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Figure 5.7: The force histogram of the unbinding force of the avidin-biotin complex bond
at different retract speeds. The peak of the Pdf histogram shifts by increasing the retract
speed.

The peak shows the most frequent unbinding force, or rupture force, and it can be determined
by fitting the histogram to a particular distribution. Gaussian distribution is often used, but it
should be recognized that this is just a convenient method and does not reflect the true
distribution of rupture forces96. Sometimes the histogram is best fit by multiple Gaussian
distributions, centered around different force values. The decision to fit the force histogram to
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one or more peaks depends on the tail of the histogram; multi-peak Gaussian fitting is carried
out in the case where the tail includes a significant number of the unbinding forces 95,97.
Otherwise one peak fitting is adequate. Figure 5.7 shows the Gaussian fitting of rupture force
histogram of biotin-avidin illustrating two peaks fitting at retract speeds 413 nm/s and 685
nm/s, and one peak fitting at 297 nm/s and 1376 nm/s. The lower peak of rupture forces
shows dependence on the retract speed as the retract spped is increased from 126.8pN at
300nm/s to 136.0pN at 1400nm/s.
In addition to the rupture force information, the force curves allow us to estimate the
binding probability of the interacting proteins. This is calculated by dividing the number of
the force curves that show at least one specific event over the total number of measurement
attempts. The maximum binding probability of biotin to avidin was recorded at 55.5% at
retract speed 413nm/s. In general, the binding probability depends on the number of the active
sites of the interacting proteins and their affinity. But in the AFM measurements, the density
of the proteins distribution over the surface of the tip and the retract speed significantly affect
the measured probability. Slow retracting speed gives the proteins more time to interact and
thereby more opportunity to bind to each other. High density of the proteins on the AFM tip
means large number of molecules willing to attach to their relevant proteins on the substrate.
5.2.3. The Thermal Noise Effect on Measuring the Rupture Force
To demonstrate the effect of the thermal noise on the measured rupture force, we present the
following force-distance curve with rupture event. The solid curve shows the stretching of
polymeric tether prior to the rupture event without added noise. Apparently, with noise the
force data include considerable amount of scatter.
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Figure 5.8: Rupture event that is fitted to WLC model with Kuhn length 0.5 nm and
contour length 80nm. The fitting curve represents the force behavior without noise effects.
The two black squares indicate to the limits of the rupture event according to the used
methodology.

The usual methodology of extracting unbinding force is to obtain the difference between the
most outstanding points in the vicinity of the rupture event. Thus, the measured unbinding
force can be over-estimated in the presence of noise because it includes the root mean square
(RMS) amplitude of noise98. Consequently, the most probable unbinding forces obtained by
Gaussian fitting might also be over estimated. To address this aspect, we use the forcedistance data to estimate the RMS amplitude for different retract speeds. RMS amplitude data
follows a dependence on retract speed as predicted by Proksch99
fn

( Dn f b2 v

f d2 )1 / 2

(5-1)
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D n is the density of data points per distance in the collected data (in the AFM, D n =50
points/nm). The parameters

f b and

f d are known as the bandwidth-dependent and

bandwidth-independents noise respectively.
As Figure 5.9 shows, the values of the RMS amplitude ranges from 2pN up to 7pN for
retract speed ranges from 300nm/s to 1400nm/s. Fitting these data yields
and

fd

f b = 0.02 pN/s1/2

1.8 pN. Using these values to correct the obtained rupture forces of a bond not only

decreases theses forces but also reduces the difference between them. For instance, with
considering the noise effect, the rupture forces of biotin-avidin bond are modified to be in a
shorter range, from 124 pN to 130 pN.
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Figure 5.9: The fitting of the RMS amplitudes data to equation (4-1).
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5.3. Kinetic Off-Rate of Biotin-Avidin
We used the standard theory to analyze the rupture force data of the biotin-avidin and
extract the kinetic off-rate of the bond as well as its bonding length and compared that to the
parameters obtained by the extended models including BE-effective, cusp, cubic, BE-FJC and
BE-WLC. Since these models require only the values of the most probable unbinding forces
at different pulling speeds, we utilized the extracted rupture forces from the fitted histograms
in Figure 5.7. BE-effective model uses the same transcendental equations the standard theory,
equation (3-9), but by substituting the apparent stiffness to calculate the loading rate, rf =kappv
instead of the cantilever stiffness. kl=65 pN/nm. The BE-effective model and the BE=WLC
and FJC models give 12.5 pN/nm for kapp. Cusp and cubic models fit the rupture forces into
equation (3-13) assuming a prefactor A=1010 and a laboratory temperature of 296.8 K. The fits
of these four models are illustrated in Figure 5.10 A and B, which show almost identical
fitting. To use the transcendental equation of BE-WLC model, we need to characterize the
tether‘s extension function using the WLC model. To obtain average tether parameters, we
fitted more than a hundred force curves to the expression given by the WLC model, and for
each curve determined the distances x 0 and x max as demonstrated in Figure 3.4. The
parameters x0 and xmax are fitting parameters obtained directly from the force curves. In
particular, x0 is the best estimate of the location of any resolvable force onset due to stretching
of the tether. In all cases, we could determine this value within a resolution of a few
nanometers. This uncertainty had negligible influence on the final determination of the fitting
parameters.
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Figure 5.10: The Biotin-Avidin rupture force fitting according to, BE, BE-effective model,
Cusp and cubic.
models.
By fitting to WLC, we obtained the most frequent contour length, lC, as shown in Figure 5-11.
From the most frequent contour length and x0,we determined the average of the parameters kt
and α, which correspond to the approximate parabolic fit in equation (3-18). The histogram of
the contour lengths (Figure 5.11) fit two Gaussian peaks. For further analysis, we only
considered the upper peak at 90.1±5.9 nm. We interpret the lower peak to correspond to nonspecific binding events, i.e. to the length of the sample linker only, which is quite short. We
also attempted to analyze data corresponding to the lower peak of contour lengths, but it did
not yield any systematic dependence of rupture force on pulling speed, confirming that these
measurements corresponded to non-specific binding events. This lower peak ranges roughly
from zero up to 55nm. Therefore, we excluded all measured rupture forces with contour
lengths less than 55nm from further analysis.
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Figure 5-11: Contour length histogram according to the WLC-model. This histogram fits two
Gaussian distribution; the first peak appears at length 32.8±2.3 nm and the second one at 90.1±5.9
nm.

Using equations (3-17), (3-20), and (3-21) we obtained the apparent stiffness kapp, and the
parameters kt and

. Figure 5-12 shows the distribution of each of these parameters. As

expected, k app > k t , since k app is the slope of the force profile at x
of the force profile at x

x0 .
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Figure 5.12: Histograms of kapp, kt and α and corresponding Gaussian fits. The most probable
values were kapp = 12.57±8.50 pN/nm, kt = 1.21±0.42 pN/nm, and α = 0.07±0.01 pN/nm2.

0.3

77

To use the BE-FJC model, we also fit our data to the asymptotic FJC model using equation
(3-25), showing in Figure 5.13. These fits show that the most frequent contour length is
91.5±3.1 nm, which is slightly lower than the value given by WLC model. The obtained Kuhn
force is 4.95±0.81 pN. The apparent stiffness of the used tethers, as given by this model, is
obtained by taking the derivative of the force at x max . This yields the same apparent stiffness
as obtained from the WLC model.
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Figure 5.13: Contour length and Kuhn force histograms and fitting as extracted by the FJC model.

We fitted the data to equation (3-23) (BE-WLC model), and equation (3-28) (BE-FJC model),
respectively (Figure 5.14). In each case we calculated the expected rupture force, fp, from the
load rate, rf, and the adjustable parameters and used a nonlinear fit to find the best fits and
0
determine x* and k off
. In the case of the FJC and WLC, there is no closed form for fp as a

function of rf. Instead, we calculated the roots of the respective transcendental equations using
Origin software.
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Figure 5.14: Measurements of the most probable rupture force (squares) plotted versus
loading rate. The lines represent BE-WLC (blue) and BE-FJC (red) models. It can be seen
that all models fit the data about equally well; however, as seen in Table 5.1, the different
models result in very different estimates for k0off.

0
Table 5.1 shows the values of x*, k off
and the activation energy Eb0 as extracted from the data

using six different models. Excluding the standard theory, we found no significant deviation
0
of the values of the bond length x* and the off rate k off
among the different estimations of the

six models.
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Table 5.1:
0
(s-1)×10-3
k off

Eb0 (kJ/mole)

Model

x*(nm)

Standard Theory

0.42±0.07

8.32±2.6

68.63±0.77

BE-Effective

0.42±0.07

1.6±0.5

72.70±0.77

Cusp

0.43±0.06

1.2±0.3

73.41±0.62

Cubic

0.43±0.06

1.4±0.4

73.03±0.70

BE-FJC

0.40±0.70

2.4±1.2

71.70±1.23

BE-WLC

0.41±0.07

1.1±0.7

73.63±1.50

Table 5.1: Extracted values of the bond length, kinetic off rate and activation barrier for the
complex bond Biotin-Avidin using the six different models discussed in the text.

Table 5.2 presents the previously measured kinetic off rate of the complex bond of biotinavidin, using similar and different approaches. The comparison between Tables 5.1 and 5.2
0
shows that the majority of previous studies measured lower k off
than the value obtained in our

experiments57. Four of the presented methods in Table 5.2 are AFM techniques, which used
experimental setups similar to the setup in our labs. In all of these methods, the used
cantilevers had stiffnesses of less than 1 N/m, the surface of sample is coated with avidin, or
biotin molecules, and the force experiments were performed in buffer solution. However,
these methods measured similar but not the identical rupture forces for loading rates from 102
pN/s to 104 pN/s. Because of the slight differences, they show different fits for these
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0
forces,using the transcendental equation of the standard theory. Since k off
is exponentially

0
proportional to the y-intercept of the rupture force, the obtained k off
varies significantly. This

suggests that the rupture force experiments must be performed over much bigger range of
loading rate.
Table 5.2:
Used Method

0
k off

Eb0 (kJ/mole)

Atomic Force Microscopy100

1×10-7

96.1

Atomic Force Microscopy101

1×10-5

85.2

Atomic Force Microscopy56

6×10-6

86.6

Atomic Force Microscopy102

1×10-3

73.9

Magnetic Tweezers57

9×10-5

79.5

Ecg-Gated Scintigraphic

1×10-8

102.2

1×10-7

96.5

1×10-6

90.87

1×10-4

79.5

Angiocardiography103
radioactive labeling and time-dependent
dialysis measurements104
Evanescent ﬁber-optic sensor surface and
ﬂuorescence105
A single-molecule ﬂuorescence method106

Table 5.2: The kinetic off-rate of the biotin-avidin complex bond as measured by AFM
and other methods.
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It is worth to note that in the first, second and third AFM methods, the molecules of biotin or
avidin were directly attached to the surface of the sample, without using any linkers. These
0
methods obtain k off
in the range 10-5-10-7, which is at least two orders less than the value of

0
obtained by the AFM method that used linkers. This is a strong indication that the used
k off

linkers might have play some role in single molecule dissociation.

5.4. Characterizations of Force Histogram
The probability distribution function (Pdf) given in equation (3-8), as predicted by BEtheory, Figure 3.2, does not fit well the rupture force histograms like those introduced in

Pdf(a.u)

Figure 5.7.
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Figure 5.15: The force histogram of the rupture force of the biotin-avidin bond. The
solid curve is single peak Gaussian fitting of the force histogram, while the dotted
curve is the force distribution as give by the standard theory. The comparison
between the theoretical and conventional force distributions yields three significant
regimes.
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The extended models also fail to provide Pdf formulae that fit the force histograms. Hence,
0
the approach that has been widely used to obtain the parameters k off
and x* is the standard

method that is satisfied by the relationship between the most frequent rupture force and the
loading rate. However, the general characterizations of the force histogram may include
additional information about the mechanism of protein interactions that needs further
investigation. For this, we fitted typical force histogram of biotin-avidin into the theoretical
distribution given in equation (3-8) as well as to Gaussian distributions. These distributions,
as Figure 5.15 presents, divide the built force histogram into three regimes: peak, shoulder
and tail. The regime where the peak of the histogram appears can be delimited between the
minimum force observed by the AFM (cut off force) and the maximum force giving by the
theoretical force histogram. Shoulder‘s regime appears when the force histogram is fitted to
the Gaussian distribution, and it looks like a shoulder between the point of maximum force
and the last point on the Gaussian distribution. The peak and shoulder regimes in Figure 5.15
are located between the forces 30 pN and 368 pN. Tail regime is the extension of the force
histogram that is not included in the Gaussian fitting. It is the gray area on the right of the
histogram in Figure 5.15, which is limited between 368 pN and 674 pN. One more regime is
recognized to the left of the histogram in which the rupture force is not detectable by the
AFM, and it is below the cut off force. It is presented by the dense area pattern in Figure 5.15.
The high ruptures forces unpredicted by the standard theory or the extended theories
suggest that the process of dissociation of proteins using mechanical loads as in the AFM
experiments is more complicated than breaking a single bond that can be characterized by
fixed bond parameters. Raible et al. proposed in 2006 a model that includes the heterogeneity
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of the chemical bond to justify the high force regimes of the Pdf30,31. In particular, Raible et
al. proposed that due to the fluctuating microenvironment and random fluctuations in
conformation, the effective bond length, x*, may vary statistically. By considering at least the
randomness of one parameter, a formula for the Pdf can be generated which fits the force
histogram quite well, including the tail. To prove the randomness of parameters that
characterize the activation energy, Raible et al. combined equation (3-1) with the equation of
the loading rate

df
dt

v

df
to obtain a formula for the survival probability of the chemical
dx

bond in term of the rupture force,

S( f )

1
v

exp

f

k off ( f ' )df '

f min

(5 2)

df ' / dx

Here, f min is the cut off force. Equation (5-2) implies that the function

v ln( S ( f )) is

independent of the pulling velocity, thus, its data points should collapse into master curve at
different pulling speeds. This can be tested by estimating the survival probability using the
following formula
S( f )

1
N

N

( fn

f)

(5 3)

n 1

x

Here, N is the size of force data,

( x)

( y )dy is the Heaviside step function with the

convention (0) 1 / 2 . Figure 5.16 shows the evaluation of the function

v ln( S ( f ))

according to equation (5-3) for our biotin-avidin force data at different retract speeds.
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Figure 5.16: v ln( S ( f )) function for different pulling speeds, obtained according to
equation (5-3). It demonstrates the dependence of this function on the pulling speeds.

In contrast to the expectation of equation (5-2), the function

v ln( S ( f )) depends on the

pulling velocity. According to the model of heterogeneity of chemical bond, this contradiction
can be solved by modifying equation (5-2) so it includes an additional parameter which
presents the randomness of the bond length. This model succeeds in forming a general
formula for the Pdf that fits the entire force histogram.
The presented argument in the heterogeneity model cannot be verified experimentally.
In addition, it leads to a general formula of the Pdf that can not be used in a straightforward
manner. In 2008, different model was proposed by Akhremitchev et al. based on the multibond ruptures27 to explain the appearance of a tail in the rupture force histograms. This model
takes into account that the protein interactions in the AFM experiments are not necessarily
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due to single molecule ruptures but to several bonds that might be formed. The model
assumes that the applied load is distributed among these bonds. If two bonds connected by
separate and similar linkers are loaded simultaneously, the detected rupture force would be
higher than the force needed to break one of these bonds. But if the lengths of linkers are
slightly different, upon rupture one bond, the loading force transfers to the second bond. This
model also succeeds to include the high rupture forces in its fits of the force histogram.
The heterogeneity of chemical bond and multi-bond ruptures models use different
arguments to justify the higher rupture forces, but both of them succeed to generate Pdf
formulas that fit the force histogram. If we could ensure single molecules interactions in the
AFM experiments, we would not observe any multi-attachments events. Thus, if the force
histogram of collected data still shows tail regime, this would validate the heterogeneity
model. However, it is not possible to coat the AFM tip or its substrate with single molecules.
But we can control the density of molecules on the surface of the sample. If the simultaneous
multi-attachments probability decreased by reducing the density, and consequently the regime
of high rupture forces shrinks, as the multi-bond ruptures model would predict, the
heterogeneity of chemical bond would not be needed to explain the data. To verify this
assumption, we developed a technique to control the density of coated molecules like biotins;
then, we developed a unique approach to calculate the simultaneous multi-attachment
probability, and finally we build force histograms of force data of biotin-avidin to observe the
behavior at the high force regimes.
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5.4.1. Controlling Biotin Density
According to the protocol of functionalizing sample with molecules like biotins, in
section 5.1, we coat the surface of sample first with the PEGs linkers. Then, we immobilize
the biotins to these linkers. Thus, the surface density of biotins is roughly equal to the density
of linkers. Hence, we can change the biotin density by controlling the PEGs density. This may
be achieved by controlling the time of incubation of the PEGs or by mixing the PEGs with
other linkers that do not bind the biotin.

5.4.1.1. Controlling Time of Incubation
We attached PEGs of molecular weight 3400 Da to gold surface using the protocol
described in section 5.1.1. To have different densities, we prepared four samples but with
different times of incubation. The density of the PEG attached to the gold surface can be
estimated using the Ellipsometry technique. To confirm the validity of the Ellipsometry
function, we performed straightforward control experiment in which we measureed the
intensity of the reflected laser on blank sample using the lock-in amplifier signals versus the
incident angle. The calculated elipticity of the sample surface using the intensity was
comparable to the simulation of the Igor Pro data analysis software. After that, we replaced
the blank sample with a sample incubated in PEGs solution for four hours. Several locations
of the sample surface were targets for the incident laser. The Ellipsometry signals yielded a
particular thickness of the investigated spot. For example, the Figure 5.17 presents the
intensity of the reflected laser which fits perfectly at 2 nm thickness. The same thickness was
obtained by fitting the data at other targeted spots.
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Figure 5.17: The elipticity of the surface of the sample at range of angles up to 100
degree using X and Y looking amplifier signals.

The effective surface density of the PEG molecules can be estimated using the formula

d

l (n na )
dn / dc

(5 4)

Where l is the molecular thickness, n is the refractive index of the PEG, n a is the refractive
index of the air, and dn/ dc is the change of the PEG refractive index with respect to its
concentration. The refractive index of the PEG is 1.35107, and its change with the
concentration is calculated based on the work of M. Mohsen108, dn/ dc = 0.135 cm3/gm. This
value is almost the same for many different molecular weights of the PEGs. However,
substituting the obtained thickness and the PEG parameters in the above formula gives
5.2×10-7 gm/cm2. This is a high density since 92 molecules of the used PEGs would occupy
100 nm2. The calculated PEGs densities of samples prepared at incubation time 2 hours, 1
hour and 10 minutes were also around 5.2*10-7 gm/cm2. This proves that the PEG molecules
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attach very fast to the gold surface without giving us an opportunity to manipulate their
density.
5.4.1.2 Mixing PEGs with mPEGs
The number of the PEG molecules distributed over the mica surface can be
manipulated by incubating the mica sample in a mixed solution of active PEG molecules
(biotin terminated) and a different type of PEG molecules that can bind to the gold but does
not bind biotin. In our experiment, we used methoxy polyethylene glycol (mPEG) of
molecular weight 200 Da. To manage the ratio of the Biotin-PEG-SH molecules in the
mixture, we prepared two separate solutions of the PEG molecules and mPEG molecules but
with the same molarity, 1000 µM. Then, we mixed the solutions so the ratio of the PEG
molecules in the solution was either 0%, 5%, 10%, 15%, 20%, 40%, or 100%. In each
solution, we dipped mica surface coated with gold for one hour. After that, we functionalized
each surface with biotin according to the protocol described in section 4.1.2. Thus, we had
seven samples prepared in different ratio of the active PEG molecules. To examine whether
the density of biotin changes by increasing the ratio of the PEGs, we detected the binding
probabilities of force measurements between avidin on the AFM tip and the biotin for each
prepared sample.
As mentioned before, the binding probability is calculated by dividing the number of
number of the force measurements that show at least single event to the total force curves
performed on the surface of the sample. The experiments were performed for seven different
ratios and all at the same retract speed v=1376 nm/s, and a large number of force curves were
recorded so the measured binding probability would be valid statistically. As illustrated in
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Figure 5.18, the behavior of the binding probability by increasing the ratio of the PEGs
confirms the success of our technique of controlling the surface density of biotin.
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Figure 5.18: The behavior of the Binding probability with the surface density of biotin
molecules attached on the sample substrate.

The binding probability increases fast in the low ratio regime becomes saturated at more than
50% ratio, presenting nonlinear dependence very similar to a Langmuir isotherm. The
behavior of the binding probability may also be affected with the retract speed and surface
density of the avidin molecules distributed on the tip. These are controlled by running all
experiments using the same AFM tip with constant retract speed. The only factor that was out
of our control is the spatial distribution of the avidin molecules on the tip as well the biotin
molecules on the substrate. We addressed this problem by performing a large number of
measurements covering a large area of the functionalized surface.
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5.4.2. Simultaneous Multi-Attachment Probability
Multi-attachment probability is the percentage of the force curves that shows at least
two binding events compared to the total number of force curves that show at least one event.
For instance, the force of interaction between avidin and biotin shows 25% multi-attachment
rupture forces at 100% biotin ratio. The multi-attachment probability decreases by reducing
biotin ratio following behavior similar to the binding probability, as illustrated by Figure 5.19.
Calculating the multi-attachment probability is necessary to compute the percentage of the
simultaneous multi-bond ruptures, which are multi-attachments that occur at the same piezo
extension and therefore look like a single rupture event. We call the associated probability
zero-distance multi-attachment probability.
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Figure 5.19: The multi-attachment probability nonlinearly increases by higher ratio of
bioton.
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The zero-distance multiattachemnt probability can be estimated by measuring the spatial
separation between multiple rupture events occurring in the same force curve, and plotting a
histogram of these separations. This is shown in Figure 5.20. For this histogram, we only
considered measurements with two visible rupture events and discarded the rare occasions
when we measured more than two. This distribution of rupture distances, P2(ΔR), is expected
to peak at zero, because the PEG tethers are roughly of similar length. As Figure 5.21
demonstrates, the rupture location fits to a Gaussian distribution, thus, it can be shown that the
expected distance between multiple events would be a modified Gaussian as well. Figure 5.21
suggests, the distribution of the rupture location is;
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Figure 5.20: Probability of multiple binding events as a function of the separation
distance between the events using force data of 100% ratio of biotin molecules and
avidin.
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Here, A is normalization constant, R is the rupture location, R and

are the average and the standard

deviation of R distribution. The probability for a rupture event to occur at the location range R±dR/2 is

dP ( R )

D( R )dR . This can be used to obtain the distribution of the location difference ( ΔR)

between two successive events. Statistically, the rupture events occuring at different locations, like

R dR / 2 and R' dR' / 2 , are independent, so the probability to observe them simultaneously is
given by dP( R, R' )

D( R)dR D( R' )dR' .
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Figure 5.21: The histogram of the rupture location demonstrates Gaussian distribution
with single peak at 81±2 nm. The ruptures of locations less than 40nm were cut off,
according to BE-WLC model. These data were collected from the force data of biotin
and avidin interaction.

By substituting R'

R

R into dP( R, R' ) and integrating it over R, we obtain the probability

distribution function of ΔR
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dP( R)

D( R) d R

D( R ) D( R

R)dR

(5-5)

0

Substituting for D(R) we find:
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(5-6)

The distribution function D(ΔR) is (approximately) a Gaussian with a peak at the origin and

standard deviation equal to

2 . ΔR distribution of rupture location in Figure 5.20

demonstrates this behavior, which shows a peak at the origin and 30 nm standard deviation
comparing to 23 nm standard deviation of R distribution, in Figure 5.21.
From our experience, we could not clearly distinguish binding events that are less than
4 nm separated from each other. Therefore, to calculate the zero distance multi-attachment
probability we need to integrate the fitted histogram, D (ΔR), from 0 to 4 nm. This integral,
which we will denote as p2,<* = ∫04nm D (ΔR) dΔR does not immediately yield the expected
number of multiple rupture events at zero separation. It needs to be multiplied by the total
probability of multiple rupture events occurring in the first place. However, this total
probability is unknown because it includes the ―invisible‖ multiple rupture events we are
seeking. This problem is easily resolved: If we only consider measurements which showed at
least one visible rupture event, we can place the different force curves into three categories:
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(1) True single rupture events (probability p1), (2) apparent single rupture events, which are
however multiple rupture events occurring at a separation of less than 4 nm (p2,<), and (3)
clearly separated multiple rupture events (p2,>). The total probability of multiple rupture
events is then p2 = p2,< + p2,>. With this we can write for p2,<
p 2,

p2 p

*
2,

( p 2,

p 2, ) p

*
2,

p 2,

p2, p2*,

(5-7)

1 p2*,

For example, for the force data of the sample of 100% biotin and avidin, we found that p2,>=
26% of all successful measurements showed clearly separated multiple rupture events. The
integral of P2(ΔR) between 0 and 4 nm yielded 0.10. We therefore find that we would expect
0.27 × 0.12/(1 - 0.12) = 0.037 = 3.7% multiple rupture events to occur at less than 4 nm
separation, making them indistinguishable.
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Figure 5.22: Comparing between the tail significance in the force histogram to the
zero multi-attachment probability. The solid squares represent the data of tail
percentage and the open and crossed circles represent the zero multi-attachment
probability.
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In addition to the histogram in Figure 5.21, we built ΔR histograms for all investigated
samples, which were fitted to Gaussian distributions. Then we used equation (5-7) to calculate
the zero distance multi-attachment probabilities. The solid squares data in Figure 5.22
introduce the behavior of the zero distance multi-attachment probability as a function of
changing the density of biotin, demonstrating a low simultaneous attachment that does not
exceed 4% of the total multi-rupture bonds.

5.4.3. Tail Percentage
Multi-attachment probability as well as zero distance multi-attachment probability
shows clear dependence on the surface density of the biotin molecules. Thus, excluding the
multi-attachment rupture forces from the force data that built the force histogram verifies
whether the high rupture forces regime (shoulder and tail in the pdf) is due to multiple
attachments. According to Figure 5.23, this regime was not affected by excluding the multiattachment rupture forces through the use of lower densities of biotin molecules. The
calculation of the tail percentage to the entire force curve shows it was not more than 10%.
The change of the tail percentage with the biotin density is illustrated in Figure 5.22 by the
open and crossed circles, which confirms similar behavior to the zero distance multiattachment probability. However, to justify the appearance of the tail regime to the
simultaneous multi-bonds rupture, the percentage of the tail is expected to be comparable to
the zero distance multi-attachment probability. According to Figure 5.23, the tail percentage is
affected by the reduced biotin density, but it is still much bigger than the zero distance multiattachment probability.
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Figure 5.23: The force histograms of the rupture force of the Biotin-Avidin complex bond
at different ratios of the density of the Biotin molecules distributed on the substrate. The
peaks of the force histograms have similar locations since the rupture forces are screened
at same loading rate 17506 pN/s, but the tail‘s regime slightly changes due to the reducing
of the Biotin ratio.
These results suggest that multi-bond ruptures including the simultaneous events, contribute
only slightly to the high force regimes and excluding them would not significantly change the
profile of the force histograms. This leads to conclusion that even the rupture forces of single
molecules would show force histogram with shoulder and tail regimes. This supports the
argument that heterogeneity of the complex bond plays a significant role in shaping the force
histograms.
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Chapter 6
KINETIC OFF RATES OF MATRIX METALLOPROTEASES AND
THEIR TISSUE INHIBITORS

Like other matrix metalloproteinases, MMP2 and MMP9 are synthesized in their
latent forms ProMMP2 and ProMMP9. The active and latent forms of these enzymes have
high affinity to bind their tissue inhibitors (TIMPs) and form non-covalent enzyme-inhibitor
complexes. Even though the roles of these enzymes and their inhibitors are fundamental in
many physiological and pathological processes, very few studies quantitatively measure their
kinetic rates and affinities. In 1997, Olson and other workers investigated the interaction of
TIMPs with MMPs using surface Plasmon resonance (SPR) and enzyme inhibition studies45.
They reported kinetic parameters for high and low affinity binding sites of TIMP2 and TIMP1
on MMP2 and MMP9. In 2002, Troeberg and other workers used progress curve analysis to
measure the kinetic on-rates of TIMP-MMP and α2-macroglobulin to capture MMP
dissociating from TIMP-MMP109. They showed the bond of TIMP with MMP associates fast
but dissociates slowly, and confirmed the presence of two binding sites of TIMP on active
MMP and one site on inactive MMP. However, the interaction of TIMP with MMP still needs
more study in order to verify the published results and obtain additional parameters like the
bond length and its activation energy. Therefore, we use the AFM to examine the strength of
the bonds formed by active and inactive forms of MMP2, and MMP9, with TIMP1 and
TIMP2. Analyzing the AFM force data of TIMP-MMP using developed theory like BE-WLC
model yields fine kinetic off-rates, bond lengths and activation energies.
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6.1. Materials and Methods
The proteins were purified as described by Olson et al., Sterile PBS buffer (pH 7.2)
was used to wash all samples and as a solvent in all solutions. Washing occurred before and
after each incubation. PEG-derivatized (molecular weight) 3400 Da. carboxyl-terminated
silicon nitride cantilevers and PEGderivatized carboxyl-terminated gold-plated mica were
purchased from Novascan (Ames, IA). EDC and NHS were purchased from Pierce (Rockford,
IL) and used without further purification.
Cantilevers were functionalized with TIMP1 or TIMP2 while surfaces were coated
with MMP2, ProMMP2, MMP9, or ProMMP9 species using the procedures detailed in
section 5.1. The prepared samples were then stored in PBS at 4 °C until measurements were
performed in the AFM. The commercial AFM was used to detect the force interaction of
proteins and record the strength of their bonds. The levers that were selected for
functionalizing had similar stiffness (within 10%) to reduce data spread. The average stiffness
of the used levers was kr = 65 pN/nm. The method of force measurements was similar to the
investigation of biotin-avidin bonds in section 5.2 with emphasis on more control experiments
and wider range of retracts speeds.
6.2. Results and Discussion
We detected successfully the interaction of all combinations of TIMP1, TIMP2, with
MMP2, MMP9, ProMMP2 and ProMMP9. The force measurements showed that TIMP2
binds to MMP2, ProMMP2, and MMP9 with binding probability ranges from 20% to 0%.
Interactions between TIMP2 with MMP9 were also observed but with very low binding
probability, of order 7%. On the other hand, the measurements revealed interactions of
TIMP1 with MMP9, ProMMP9, and MMP2 with binding probability in range 20%-50%, but
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with zero binding with ProMMP2. The AFM measurements cover hundreds of force curves at
each retract speed. After excluding the force curves that show nonspecific rupture events, as
well as multiple bonding events, we built force histograms and fitted them either to one or two
peak Gaussian distributions. Among all rupture force histograms of TIMPs-MMPs, only the
histograms of TIMP2-MMP9 fit to two peak Gaussian distributions, as seen in Figure 6.1.
Since the higher peak distribution includes the effects of multi-rupture forces27 as well as the
influence of heterogeneity of the bond31, we considered only the lower peak to represent
single protein interactions. The most frequent rupture force, or rupture force, of any TIMPMMP force distribution increases by raising the pulling speed. For instance, the lower peak in
Figure 6.1, shifts from 44.5 pN, at speed 30 nm/s to 114.5 pN at speed 48000 nm/s. After
subtracting the root mean square (RMS) amplitudes of noise from the rupture forces, we fit
these forces to BE-WLC to obtain the kinetic off-rates, activation energies and bond lengths.
The obtained kinetic dissociation rates were compared to off-rates measured by surface
Plasmon resonance45. The surface plasmon measurements yielded two kinetic off-rates,
corresponding to two different binding sites with very different affinities. In the AFM
experiments, we expect to primarily bind to the high affinity site, because the low affinity site
tends to be blocked in the latent state of the enzyme, unless there is a conformational change
exposing the site.
In contrast to the monotonic behavior of the rupture force, the measured values of the
binding probabilities with the retract speed do not show a clear dependence. But it is obvious
that the binding probability of TIMP1, or TIMP2, to the active form of MMP is higher than to
the latent form of MMP. This indicates high activity of binding sites of MMP for TIMP. The
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highest average binding probability recorded in our measurements was 50% due to
interactions of TIMP2 with MMP2, and the lowest was 7 % due to interactions of TIMP1
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Figure 6.1: Example of the unbinding force histograms of TIMP2-MMP9, which were
constructed from about 100 values of the unbinding forces. The black curve represents
one peak Gaussian's distribution. The loading rate was increased from 220.8pN/s to
362880.0pN/s.
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6.2.1. Kinetic Off Rates of TIMP1 and MMP
Figure 6.2 introduces the rupture force behavior of complex bonds formed by
interaction of TIMP1 with MMP9, ProMMP9, and MMP2 at loading rate ranges up to 10000
pN/s. Figure 6.2A demonstrates higher rupture forces of TIMP1-ProMMP9 as compared to
TIMP1-MMP9. Unlike TIMP1-ProMMP9, the rupture force of the bond TIMP1-MMP9 does
not shift significantly under influence of higher load rate. This implies high activation energy,
or affinity, of the bond TIMP1-MMP9. The rupture force of the bond TIMP1-MMP2 in
Figure 6.1B shows similar behavior to the force of the bond TIMP1-MMP9.
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Figure 6.2: BE-WLC model fitting for the rupture forces of different TIMP1-MMP bonds.
Y-axis shows the rupture force on linear scale while X-axis represents the loading rate on
a logarithmic scale. (A) shows the rupture force of the complexes TIMP1-MMP9 (blue
curve) and TIMP1-ProMMP9 (red curve) while (B) shows the rupture force of the TIMP1MMP2.
To extract the kinetic off rates, activation energies and bond lengths of these bonds, we fitted
the rupture forces to the transcendental equation (3-23) given by BE-WLC model. Since the
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same type of PEGs linkers were used in both experiments of TIMP-MMP and biotin-avidin,
we considered the same characterizing parameters in equation (3-23) i.e. to be α= 0.07
pN/nm2, kapp= 7.6 pN/nm and kt= 2.5 pN/nm. As Table 6.1 presents, the kinetic off-rates for
all detected bonds TIMP1-MMP2, and TIMP1-MMP9 are of order 10-3 s-1, which corresponds
to a slow process of dissociation with life time up to 16.67 minutes. The bond TIMP1ProMMP9 shows different behavior and its kinetic off-rate is 10 times bigger than other
bonds. Unlike the kinetic off-rates, the calculated bond lengths of all bonds in Table 6.1 are
comparable, around 1 nm. Since the activation energy Eb0 is a function of the kinetic off-rate,
the calculated values of Eb0 for TIMP1-MMP2 and TIMP1-MMP9 are very close and bigger
than Eb0 for TIMP-ProMMP9.

Table 6.1: The kinetic off-rates, activation energies and bond lengths of TIMP1-MMP bonds
Complex bond

0
(s-1) ×10-3
k off

x*(nm)

Eb0 (kJ/mole)

TIMP1-MMP2

1.6±0.1

1.2±0.20

72.7±0.5

No binding

No binding

No binding

TIMP1-MMP9

1.4±0.1

1.4±0.30

73.0±0.5

TIMP1-ProMMP9

14.0±1.7

0.83±0.10

67.4±0.9

TIMP1-ProMMP2

0
k off
is kinetic off-rate, x* is bond length, and Eb0 is activation energy of TIMP1-MMP
bond. These parameters are obtained from fitting the rupture force with loading rate in
Figure 6.2 to transcendental equation of BE-WLC modle.
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6.2.2. Kinetic Off Rates of TIMP2 and MMP
Figure 6.2A shows the rupture forces of TIMP2-MMP2. The measured forces are
almost double the rupture forces of TIMP2-ProMMP2 for the same range of loading rates.
Figure 6.2B also demonstrates bigger rupture forces of TIMP2-MMP9 comparable to TIMP2ProMMP9. Fitting the rupture forces of these bonds to the transcendental equation (3-23)
gives their kinetic off-rates and bond lengths. As Table 6.2 shows, the kinetic off-rates of
TIMP2-MMP2 as well as TIMP2-MMP9 are less than the kinetic off-rates of TIMP2ProMMP2 or TIMP2-ProMMP9. The values of the activation energies and bond lengths for
all bonds are comparable.

Rupture Force (pN)
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TIMP2-MMP2
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TIMP2-ProMMP2

TIMP2-MMP9
TIMP2-ProMMP9
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50

50
40
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100
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10000

Loading Rate (pN/s)
(A)
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100000 1000000

Loading rate (pN/s)
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Figure 6.3: The left figure shows the fitting of the rupture forces of the complexes
TIMP2-MMP2 (blue curve) and TIMP2-ProMMP2 (red curve), and right one shows the
fitting for the rupture forces of the complexes TIMP2-MMP9 (black curve) and TIMP2ProMMP9 (green curve).
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Table 6.2: The kinetic off-rates, activation energies and bonds length of TIMP2-MMP bonds
Complex bond

0
(s-1) ×10-3
k off

x*(nm)

Eb0 (kJ/mole)

TIMP2-MMP2

9.7±1.1

0.72±0.11

68.3±0.8

TIMP2-ProMMP2

19.4±2.5

1.25±0.13

66.5±1.0

TIMP2-MMP9

18.7±2.7

0.75±0.11

66.6±1.1

TIMP2-ProMMP9

40.0±5.4

0.72±0.06

64.8±1.0

0
is kinetic off-rate, x* is bond length, and Eb0 is activation energy of TIMP2-MMP
k off
bond. These parameters are obtained from fitting the rupture force with loading rate in
Figure 6.3 to transcendental equation of BE-WLC modle.

Comparing to the kinetic off-rates measured by surface plasmon resonance, we find
reasonable agreement. For example, the off-rate for Pro-MMP9 and TIMP1 (Table 6.1)
measured by surface plasmon resonance was found to be 1.2 × 10-3 s-1 for the high affinity site
and 0.0297 s-1 for the low affinity site45. We measured 0.014 s-1 using our BE-WLC model
which is in-between the two values. As mentioned above, we expected bonding to the high
affinity site, but we cannot state with certainty which site we are probing. The deviation from
the surface plasmon results can have two roots: (1) We may be measuring a convolution of
unbinding events from both binding sites, but the present technique is not capable of
distinguishing the two, and (2) when bonds dissociate under an applied force, the dissociation
path is not necessarily identical to the dissociation path followed in the absence of a force.
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Chapter 7
Rupture Force of Complex Bond on the Membranes of Living Cells

7.1. Introduction
Applications of AFM to cell biology include measuring elasticity parameters of cell
membrane like Young modulus, investigating cell-cell adhesion, quantification the number
and distribution of receptors on the membrane of living cells, and detecting ligand-receptors
bonds. To keep cells alive in these applications, they must be maintained in physiological
conditions, i.e. at body temperature (37o C) , at PH 7.3, sufficient nutrition, mixture of air and
5% of CO2 and a clean environment to avoid any contamination. These conditions can be
controlled in the AFM, at least for few hours, which is enough time to perform force
experiments. The AFM substrate is provided with a heater and a temperature control circuit to
maintain constant liquid cell temperature, and with a glass chamber that contains two ports to
allow control of the ambient atmosphere by introducing a mixture of air and CO2. To measure
elasticity parameters of cell membranes, the AFM probe is used to indent the cell membrane
while recording the indentation force110. The depth of this indentation as well as the applied
force on cell‘s membrane is measured by the AFM force-distance curve. These data are used
to calculate the cell‘s Young‘s modulus. In the investigation of cell-cell adhesion, one cell is
tightly anchored to a cantilever without tip, while the other is attached to the substrate surface,
and an adhesion force of order nano-Newton is measured111. The detected force curve
detachment force between the cells as well as all rupture forces of the bonds that have been
formed between the receptors on the membranes of the cells111. To estimate the number of
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receptors on a cell membrane a bead is attached to the top of AFM cantilever112. The size of
the bead is of order of microns so its contact area covers large part of the surface of cell
membrane. The bead is functionalized with ligands that have affinity to certain receptors. The
number of active receptors is extracted from force curve that detects the attachment of the
bead to the cell membrane.
AFM imaging of membrane can also be also to calculate the distribution of these
receptors113. Investigation of the interaction of ligand-receptor system on the membrane of
living cell is achieved either by attaching the cell to a substrate and coating the AFM tip with
ligands or vice versa114,115,116. Neither of these methods is trivial and each of them is
associated with some complications. For instance, attaching cells to AFM tips requires a lot of
effort to ensure the cell is tightly anchored so it would not detach from the tip surface during
the measurement process110. In addition, the obtained force curve in this method usually
shows many rupture events. On the other hand, attaching the cell to the substrate is more
straightforward but the process of approaching the AFM probe to the cell‘s membrane is
sensitive since the tip presses on the membrane causing membrane indentation. Since the
AFM tip is sharp, the tip might penetrate the membrane, damaging the cell117. If this occurs,
different molecules from the cell cytoplasm attach to the tip or even the cell itself adheres to
the tip. This causes unstable signal and difficulties regulating the tip‘s approach. Accordingly,
the functionalized tip in this method might be usable to perform only one experiment.
In the previous chapter, we studied the interaction between TIMP2, and TIMP1, and
purified proteins MMP2, and MMP9, that are attached to the surface of a solid substrate.
However, the interaction between secreted enzymes (such as MMP2 and MMP9) and their
inhibitors can be measured by many methods. In contrast, the measurement of the interaction
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between a membrane-anchored enzyme, such as MT1-MMP in the membrane of a live cell
requires a single molecule approach, such as AFM. To achieve this goal, we coated, as
previously, the AFM tip with the inhibitor TIMP2 or TIMP1, and attached living cells to a
solid substrate.
7.2.Experimental
1. Cells
Madin-Darby Canine Kidney (MDCK) epithelial cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and were cultured in Dulbecco‘s
modified Eagle‘s medium (DMEM) supplemented with fetal bovine serum (FBS), nonessential amino acids, sodium pyruvate, L-glutamine, and antibiotics. These cells were stable
transfected with plasmids encoding for glycosylphosphatidylinositol (GPI)-anchored
membrane type 1- matrix metalloproteinase (GPI-MT1-MMP) or empty vector, under
Geneticin (G418 sulfate, Invitrogen, 300 µg/mL) selection. To generate GPI-MT1-MMP the
transmembrane and cytosolic regions of pro-MT1-MMP were replaced with the GPIanchoring sequence of MT6-MMP as previously described118. Pool populations of these
MDCK stable transfected cells at low confluency (~30%) were washed with phosphate buffer
saline (PBS) and incubated in serum-free DMEM medium at 37 oC for ~24 h prior to the
AFM experiments.
2. Force Measurements
Force measurement experiments on the membrane of living cell were performed using
commercial AFM combined with an optical microscope. Spring constant of cantilevers were
determined using the geometric technique. The range of the stiffness of the used cantilever
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was 30-100 pN/nm. At the time of performing experiment, cells were grown on the surface of
a petri dish filled with culture medium for at least three days and the medium was replaced
with suitable buffer. Initially, we planned to transfer the cells from the dish to the AFM liquid
cell. However, this process of transfer stresses the cells and might cause contamination. To
avoid all these complications, attached the petri dish directly to the AFM sample plate. Before
placing the cells, we heated the sample plate. The cantilever, either modified with TIMP1,
TIMP2 or unmodified, is then placed in the AFM holder and submerged in the cell medium.
Since the optical system visualizes the cells on the dish, we can approach particular cells, as
seen Figure 7.1.

Figure 7.1: Image of living cells attached to the AFM substrate and
the AFM probes that are immersed in serum medium.

When the AFM electronics is successful in contacting the cell membrane with a stable signal,
the force acting on the cantilever during approach and retract is traced as a function with the
displacement of the piezo. The detected force curve includes any interaction of protein that
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might take place on the membrane of cell. Control experiments were performed by leaving
either the lever or the cells, or both of them, unfunctionalized (empty vector cells, EV cells).
The obtained force curves in these ―blank‖ experiments were considered as a reference for any
specific event that might be observed due to the TIMP-MT1-MMP interaction. We observed
no specific unbinding events in any scans that lacked either active receptors on the membrane
of the cell or the inhibitor on the tip. After these reference scans, we performed experiments
using functionalized tips and functionalized cells (MT1 cells); the pulling speeds ranged from
29 to 1380 nm/s, and up to 600 force curve cycles were recorded at each speed. The
interactions were detected at several locations of the cell surface so multiple possible
configurations of the complex bond would be covered.
7.2.1. Results and Discussion
Representative force curves, measured on the surface of living cell are presented in Figure
7.2 and 7.3. In all of these force curves, the approaching curves show the signature of the
indentation of the cell‘s membrane, caused by pressing the AFM probe onto the cell. This
cell indentation signature distinguishes the force of interaction on the membrane of cell from
the interaction on the surface of the substrate. In Figure 7.2, the AFM probes succeeded
reaching the membrane of the cell, but the TIMP2 on the tip failed to bind to any receptor on
the cell surface. The main characteristic of this force curve is the indentation regime that
starts at point (a) where the tip comes in touch with the membrane, during the approaching
process. This regime also appears in the retract process where it vanishes at point (b).
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Figure 7.2: Force-distance cycle presenting the force behavior in the process of
approaching and retracting of the AFM probe. Points (a) and (b) are respectively the
locations where the tip attach and detach the cell membrane. The cartoon shows
squeezed cell under pressing the tip.
By contrast, Figure 7.3a-b presents successful ruptures of complex bonds TIMP2- MT1MMP, i.e. in these cases the TIMP attached to the tip formed a bond with MT1-MMP on the
cell surface. The approach curves in Figure7.3 (a) and (b) show the indentation of the cell
membrane, and the retracting curves include clear rupture events. The process of rupturing a
complex bond on the cell surface consists of extending the AFM piezo until the tip detaches
from the membrane and the linker stretches up to its maximum length. In Figure 7.3a, TIMP2MT1-MMP is ruptured at contour length 170 nm of extended linker. Figure 7.3b shows
different scenario where the bond was broken before the AFM tip detaches from the cell
membrane. All of all, 88% of the detected force curves that include rupture events of TIMP2MT1-MMP show force profiles similar to Figure 7.3a and 22% similar to Figure 7.3b.
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Figure 7.3. Examples of force cycles that detect interaction of TIMP2 and active
receptors on membrane of living cell. The force profile of the approaching curve is a
sign of successful contact between the AFM tip and cell membrane.
The locations of rupture events were at piezo extension around 200 nm. This distance might
include the depth of indentation in addition to the contour length of extended linker.
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To investigate the affinity of the used TIMP to MT1-MMP, we analyzed the force
curves to calculate the binding probabilities and to build the force histograms for both bonds,
i.e. TIMP1-MT1-MMP and TIMP2-MT1-MMP.
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TIMP2-MT1

TIMP1-EV
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Figure 7.4. Binding Probability of TIMP2 as well as TIMP1.

Figure 7.4 presents the probabilities that TIMP2 as well as TIMP1 may bind an active
receptor on membranes of EV-cells and MT1-cells. The number of MT1-MMPs on the
membrane of EV-cells is very low compared to MT1-cells. The binding probability of
TIMP2 to GPI-cells is 64%, which is almost three times bigger than the probability to bind
EV-cells. By considering the interaction of TIMP2 to EV-cells as nonspecific, we calculate
the probability of TIMP2 to specifically bind MT1-MMP to be 67% which is significant. On
the other hand, TIMP1 binds both EV-cells and MT1-cells with comparable low
probabilities. This suggests that TIMP1 does not bind MT1-MMP and its interaction on the
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membrane of both types of cells is nonspecific. In calculating the binding probabilities we
have to keep in mind that they are influenced by the density of TIMPs on the AFM tip and
the number of active receptors on the membrane of cells. In our experiments, the density of
TIMP on the AFM tip was similar since we follow the same procedure to coat the tip with
TIMPs. Moreover, during the experiment, the density of TIMP on the tip is not expected to
change much, since MT1-MMPs are active proteases, their number could vary during the
experiment.
The collected unbinding force data of complex bonds by TIMP2 as well as TIMP1
with active receptors MT1-MMP on cell surfaces were compiled in force histograms, and the
most probable unbinding force was defined by the maximum of the Gaussian fits of each
histogram (Figure 7.5a-b). The force distribution of TIMP1 with MT1-MMP in Figure 7.5a
suggests weak interaction. The maximum of the distribution is centered around zero force.
By contrast, the force distribution in Figure 7.5b indicates a strong interaction with a most
frequent rupture force around 566 pN. These results support the conclusion that, unlike
TIMP1, TIMP2 specifically binds MT1-MMP.
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Figure 7.5. Histograms for the distributions of final rupture force obtained from
several hundred force curves. (a) and (b) Rupture forces obtained with tip coated
with TIMP1 and TIMP2 respectively that binds receptors on membrane of GPi
cell. The red curves are one peak Gaussian fitting.
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We should emphasis that the most probable unbinding force of the bond TIMP2-MT1-MMP
is much higher than the rupture forces of TIMP2 and secreted MMPs (MMP2 and MMP9).
The high rupture force measured on the membrane of living cells could be due to high
affinity of TIMP2 to MT1-MMP. But the elasticity of the cell‘s membrane might also affect
the measured rupture force. To investigate that, we present in Table 7.1 the rupture forces of
ligand-receptor interactions on membranes of living cells as measured by other groups.
Table 7.1
Method
AFM

AFM

Sample
Quantum dot conjugated with fibronectin interacting with
red fluorescent protein-αv expressed on the surface of HeLa
cells119.
Wheat germ agglutinin binds to the glycosylated
extracellular domain III of the epidermal growth factor
receptor120.

Rupture force
(pN)
500-570

1770

AFM

Antibodies interacting with green fluorescent protein on the
cell surface112.

AFM

Amelogenin-fibroblast-cell like121.

60

AFM

Heat shock proteins with venous endothelial cells116.

59

AFM

Oligoglucose carbohydrates binds cell-surface lectins115.

130

150-400

Table 7.1: Samples of the rupture forces of ligand-membrane receptors.

As Table 7.1 shows, the rupture force of ligand-membrane receptor varies according to the
sample. This confirms that the high rupture force of TIMP2-MT1-MMP is due to high affinity
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of this bond. It should be noted that, to date, there are very few studies of bond dissociation
in living cells, and therefore our study is unique.
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Chapter 8
CONCLUSIONS AND FUTURE DIRECTIONS

8.1. Conclusions
We used the AFM for force spectroscopy to detect the rupture forces of relevant
proteins. For this, we developed protocols to attach linkers to the sample surface, and then to
functionalize these linkers with the protein of interest. After testing these protocols and
verifying that we can successfully use them to coat sample surface with proteins, we
investigated the rupture force of model system, biotin and avidin. The analysis of force data
using the standard theory gives dissociation rate much bigger than the value reported by other
methods. It also shows that the probability distribution function, as given by the standard
theory, does not fit the constructed force histogram. In order to develop the theory and obtain
more reasonable parameters, we studied the effect of the used linkers on the protein
interactions. The observed force-distance curve shows nonlinear force profile due to the
elasticity of the linker. Therefore, we used worm-like chain model (WLC) to characterize the
linker and to improve the transcendental equation that predicts the behavior of the rupture
force with loading rate, BE-WLC model. This model shows that by considering the elasticity
of the linker, the obtained dissociation rate is ten times lower than the value given by the
standard theory. But it predicts similar probability distribution function as given by the
standard theory.
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The measured force histograms are skewed towards high forces, which is not predicted by the
theoretical probability distribution function. We developed a unique approach to investigate
whether these high rupture forces are measured because of the multi-bond ruptures or the
heterogeneity of the bond of the interacting proteins. This approach works by reducing the
density of PEG-biotin on the surface of the substrate, which reduces the number of multi-bond
ruptures, and then detecting the effect of this reduction on the high rupture forces. To
accomplish that, we tried first to reduce the density of the PEG-biotin on the surface of the
substrate by controlling the time of surface incubation. We found out that PEGs linkers adhere
to a gold coated surface very fast; thereby the surface density of these linkers cannot be
manipulated by controlling their incubation time. Instead, we incubated the sample surface in a
mixture of active linkers (PEG-biotin) and inactive linker (PEG ends with methyl group). The
behavior of the measured binding probability demonstrates the success of this method. We
detected a reduction in measured high forces when reducing the density of the active linkers.
We also measured the number of zero-distance multi-bond ruptures by building a histogram
for the probability of multiple binding events. We observed that the tail in the force histogram
cannot be completely reduced by decreasing the density of the active linkers, and the
contribution of zero-distance multi-ruptures is much less than the number of events in the tail
regime of the histogram. We concluded that the high rupture forces would be detected even in
the single molecule interactions, and may be related to bond heterogeneities.
Our investigation of the theory to analyze the force data can be summarized as
follows: to use the AFM for force spectroscopy, the force measuring experiment must be
repeated several hundred times so the size of the sample of the rupture data is valid
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statistically. Different experiments must be performed at different loading rate. Before
analyzing the force data, they should be filtered by excluding all the force data that
correspond either to multi-bond ruptures or to nonspecific protein interactions. Therefore, we
removed the force curves that included more than one event. We also built histogram for the
contour length of the linkers, which provides the cut-off distance that distinguishes between
specific and nonspecific interactions. For instance, the cut off distance in our experiment was
50 nm. The rest of force data can be analyzed by building force histograms and fit to Gaussian
distributions to obtain the most probable rupture force. Then, the most probable rupture force
is fitted according to the transcendental equation given by BE-WLC model to obtain the bond
length and the dissociation rate. Following this method, we calculated a dissociation rate
1.1×10-3 s-1 for the model system biotin-avidin. Even though this value is better than what was
estimated by the standard theory, it is still significantly too large. We might need to use nontraditional method to analyze the force data in which we obtain the dissociation rate by fitting
the entire force histograms instead of fitting the most probable rupture force. To accomplish
that, we need to combine the BE-WLC model with the bond heterogeneity theory.
We employed our experience to analyze the rupture force data of enzyme-inhibitor
systems in order to extract their dissociation parameters. Our experiments show that the
TIMP2 inhibitor binds all MMP enzymes including MMP2, ProMMP2, MMP9 and
ProMMP9. The TIMP1 inhibitor binds MMP9, ProMMP9 and MMP2, but it does not bind
ProMMP2. Using the standard method of data analysis (BE-WLC), the complex bond TIMPMMP slowly dissociates with rate 10-3 s-1, which indicates high affinity. Unlike other
techniques, preparing protein samples for AFM force measurements requires binding the
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protein to the sample surface which may block one of the active sites of the protein. For
example, in our investigation, we bind the protein to the carboxyl group of PEG linker which
binds either the N or C terminal domain of the protein (either TIMP or MMP). Thus, the
dissociation rate that we measure may be the average of dissociation rate of different binding
sites. In fact, this can be considered as a limitation of using AFM as a force spectroscopy that
cannot be avoided.
In addition, we studied the interaction of TIMP1, and TIMP2 with MT1-MMP on the
membranes of living cells. We conclude that unlike TIMP1, TIMP2 binds the receptors MT1MMP on the membranes of living cells. The strength of the bond TIMP2-MT1-MMP is
several hundreds of pico-Newtons. Such high rupture force indicates low dissociation rate and
high affinity between TIMP2 and MT1-MMP. Unlike the interaction of purified proteins, the
complex bond of interacting proteins on the membrane of cell is broken at high separation of
more than 250 nm. This is because of the indentation of cell membrane, which might be
utilized to calculate the maximum stress that the living cell can hold or to study its elasticity.
8.2. Directions for Future Work
In the previous force measurements, the nonspecific interaction between TIMP and the
membrane of the living cell was an obstacle in analyzing the force data. This can be
avoided by implementing a recognition imaging scheme that allows simultaneous
imaging for the surface of the cell and recognizing certain receptors like MT1-MMP.
By using this technique, we can determine the localization of MT1-MMP as well as
their surface density and distribution. The range of the scanner used in the highlighted
experiments was less than 1 µm. By implementing a scanner with a vertical range of at
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least 10 µm, we would be able to not only image significant range of purified proteins
but also to scan the entire membrane of living cell.
Our theoretical study was limited to developing BE-WLC model and proving that the
heterogeneity of the complex bond which causes the high rupture force. The
combination of BE-WLC model and the heterogeneity theory would be novel theory
that might yield very reliable dissociation rate.
Further experimental investigation for the effects of the PEGs linkers on the rupture
force can be achieved by using different types of linkers, or linkers of different
lengths. Even if the linkers only slightly reduce or exaggerate the rupture force of a
complex bond, it could significantly vary its dissociation rate.
Our experimental techniques developed the AFM as force spectroscopy that can detect
the interaction of proteins and ultimately measure the kinetic off-rate. To calculate
also the affinity, we need to develop a procedure to measure kinetic on-rate. This can
be accomplished by blocking the active sites of the protein coating the substrate, and
then investigate how that changes the binding probability.
Our force measurements on the membrane of living cells show that the AFM can be
used as force spectroscopy to investigate the mechanical properties of these cells. For
instance, by measuring the force of pressing on the membrane and the depth of
indentation, the elasticity and Young modulus of cell can be calculated. The
penetration force of the cells membrane can also be detected. For this, we must use
stiffer cantilever than what we used in the previous living cell experiments.
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Single-molecule approaches to measuring the kinetics of protein dissociation have the
advantage that measurements can be performed in native environments, such as living cells,
where concentrations of target molecules may be quite low. In addition, single molecule
approaches allow for the measurement of variances in protein kinetics, thus providing a more
complete picture of protein kinetics than ensemble techniques which typically only provide
averages.
In our laboratories, we use the force spectroscopy (FS) technique to study protein
binding and dissociation. FS measures the strength of the protein molecules bond with high
resolution down to pico-Newton either on the surface of solid substrate or the membrane of
living cells. However, the interpretation of force measurements of single molecule
dissociation continues to be controversial, although significant progress has been made
recently. The main concerns involve the role of multiple attachments, nonlinearity of the
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applied force profile, and possible changes in binding conformation. Because of these
uncertainties, force measurements have not been used widely for biological and medically
relevant systems. Accordingly, our research aims to achieve three main goals: First to perform
single molecular experiments using model system like avidin and biotin; Secondly to improve
the theory that is used to analyze the force data, so the mechanism of binding and dissociation
of the molecular bonds, as well the extracted dissociation rate can be more reliably
determined; Thirdly to utilize the extended theory to investigate relevant enzyme-inhibitor
systems under physiological conditions.
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